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ABSTRACf 
Many therapeutic molecules have severe side effects, poor bioavailability or have a narrow 
temporal window in which they are most effective. Liposomes offer a method to encapsulate 
high concentrations of a drug, protecting it upon in vivo administration. With an appropriate 
mechanism to manipulate lipid bilayer permeability, Iiposomes can deliver encapsulated drugs in 
a spatially and temporally controlled manner. Tissue penetrating wavelengths of light could 
trigger the release of liposome-encapsulated molecules. However, the photonic energy at these 
wavelengths is insufficient to power many photochemical reactions. The aim of this research was 
to develop a photochemical mechanism that uses such wavelengths to initiate the release of 
Iiposome-encapsulated molecules. It was proposed that aluminum phthalocyanine disulfonic 
acids (AIPcS2) adsorbs to lipid bilayers, and produces singlet oxygen C02) via photodynamic 
action (PDA) in response to red light. The 10 2 then reacts with unsaturated acyl chains of 
phospholipids, leading to increased lipid bilayer permeability. The release of Iiposome-
encapsulated molecules was experimentally modeled using detergents. By measuring the 
thermodynamics of detergent binding and liposome size increase, a model of lipid bilayer 
permeabilization was established. A mathematical model of release using principles from 
vi 
random walk diffusion theory was developed from the experimental data. The adsorption of 
AlPcS2 to liposomes was measured and followed a Frumkin isotherm due to a repulsive force 
between photosensitizer molecules. Using reaction field theory, the location of the 
photosensitizer in the lipid bilayer was also predicted. Anisotropy data suggest that AlPcS2 
interacts with the phospholipid to increase lipid bilayer stability. The presence of AlPcS2 also 
lowered background liposome leakage due to an electrostatic repulsion of the encapsulated 
material. This results in a more stable liposome system that contained a higher dose of the 
encapsulated material for longer. Irradiation of the AlPcS2-Iiposome system with tissue 
penetrating red light increased lipid bilayer permeability ten-fold over the baseline 
carboxyfluorescein flux . The release was a singlet oxygen mediated process, due to the type II 
PDA of AlPcS2• This activity provides a novel photochemical mechanism for liposome mediated 
drug delivery and increases temporal control of release. 
Vll 
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE 
1.1 General overview and motivation for study 
The primary goal of this research is to design a system for the controlled and highly 
focused delivery of a drug, in vivo and non-invasively. Many therapeutic molecules have severe 
side effects, poor bioavailability or a narrow temporal window in which they are most effective. 
Targeted, focal delivery of therapeutic molecules can alleviate this. Liposomes offer a method to 
encapsulate high concentrations of a drug, both isolating and protecting it until it becomes 
available in situ. With an appropriate mechanism to manipulate lipid bilayer permeability, 
liposomes have the potential to deliver encapsulated drugs in a spatially and temporally 
controlled manner. Such controlled release technologies allow treatment strategies when there 
are short, but therapeutically crucial, temporal windows. For example, in the minutes to hours 
following onset of acute ischemic stroke1 the ability to release a neuroprotectant or thrombolytic 
molecule quickly and early could improve patient outcome2 • 
Red and near infrared (NIR) photons penetrate biological tissues without damaging them 
and could provide a trigger to induce the release of liposome-encapsulated molecules3 • However, 
the photonic energy at these wavelengths is insufficient to power many photochemical reactions4 • 
A photonic mechanism is required that can transduce tissue penetrating wavelengths of light, and 
power a photochemical event, resulting in release liposome encapsulated molecules. The aim of 
this research is to build a light sensitive liposome delivery system that responds to tissue 
penetrating wavelengths of light as depicted in figure 1. The construction of this delivery system 
requires an understanding of liposome preparation and characterization as well as the biophysical 
1 
chemistry of lipid bilayers. Together with a photochemical mechanism that responds to tissue 
penetrating wavelengths of light, release of liposome-encapsulated molecules will be evaluated. 
2 
Photochemical 
Attack 
Photon 
Absorption 
Increased It ~:nneabilicy 
Encapsulated 
Molecules 
Figure 1: Photo-induced release of liposome-encapsulated molecules. Photosensitive liposomes release 
the encapsulated molecule in response to a photonic stimulus. Photonic absorption initiates a 
photochemical event, which increases lipid bi layer permeability and allows release of the encapsulated 
molecule. Phospholipid head groups are shown in grey and acyl chains are lines . The blue shapes 
represent the photoactive component of the photochemical mechanism required for release. 
3 
1.2 Stimuli responsive liposomes for drug delivery 
With the development of Doxil5 , a lipid based formulation of doxorubicin for the 
treatment of many forms of cancer, liposomes have already been shown to be useful for the 
treatment of human diseases. Liposome based delivery systems demonstrate a large degree of 
adaptability for modification of release kinetics, circulation times, and active targeting of specific 
tissues&-S. In addition, the large aqueous space of liposomes allows for transport of high-
encapsulated concentrations. Controlling release of liposome-encapsulated molecules using 
physiochemical stimuli such as pH9 , ultrasound10 , or lighf would provide spatial and temporal 
control of delivery that current systems lack. Therefore, they are considered ideally suited as a 
carrier in this investigation. 
The term liposome refers to a large number of lipid-based structures . Liposomes are 
vesicular in nature and have one or more lipid based membranes that encapsulate an internal 
aqueous space (figure 2A). The lipid membrane is typically composed of a phospholipid bilayer 
(figure 2B). A phospholipid contains two acyl chain moieties, connected to a glycerol backbone 
at the first and second carbon positions to form a diglyceride. There is a charged phosphate and 
headgroup moiety at the third carbon position. The headgroup can be one of several chemical 
groups and may confer charge to the phospholipid (e.g. serine). Other headgroups include 
choline, ethanolamine, and glycerol. Figure 2B shows the chemical structure of 
phosphatidylcholine (PC) with monounsaturated (18:1) and saturated (16:0) acyl chains. The 
lipid bilayer structure arises in aqueous solution by virtue of the hydrophobic nature of the acyl 
chain region and hydrophilic headgroup of the phospholipid molecules . The non-polar acyl 
chains associate with one another, excluding water, to form a more entropically favorable 
4 
conformation, via the hydrophobic effect. The polar, hydrophilic headgroups are solvated by the 
surrounding aqueous medium. 
5 
Figure 2: The macroscopic structure of a liposome is derived from the chemical structure of a 
phospholipid bilayer. (A) A liposome is a three dimensional vesicle with one or more phospholipid 
membranes that separate two compartments, an internal aqueous space and an external aqueous space. 
Phospholipid head groups are shown in grey and acyl chains are lines. (B) The chemical structure of a 
phosphotidylcholine lipid bilayer. 
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Liposomes have been used as biochemically compatible model systems for over fifty 
years11 • There is an extensive literature examining the relationships of bilayer structure, lipid 
composition and function under a plethora of different conditions11' 12 • The preparation procedure 
determines the composition of the lipid bilayer and therefore the macroscopic structure of the 
liposome. The primary product of many procedures is a polydispersed suspension of 
multilamellar vesicles (MLVs). These vesicles may have a range of sizes and contain multiple 
lipid bilayers, giving an onion-like macroscopic structure. The MLVs can be used to prepare a 
suspension of monodispersed unilamellar vesicles through mechanical processes13 • Generally, 
unilamellar vesicles are classified according to their diameter; small (<100 nm), large (>100 nm) 
and giant (>1 J.Ull). 
For the purposes of this investigation, it is important to consider the biophysical 
chemistry of lipid bilayers. Figure 3 shows a representative phase diagram of lipid bilayer 
order14 • Typically in biological membranes, phospholipids are found in the lamellar liquid 
crystalline phase (La)11 • Although there is two-dimensional order, there is considerable disorder 
in the acyl chains. At lower temperatures, the packing density of lamellar forming phospholipids 
increases and the acyl chains are more highly ordered. This is the lamellar gel phase (Lp). 
Between La and Lp, there is the ripple phase (Pp). The composition of the phospholipid molecules 
in a lipid bilayer determines where the transition between one phase and another occurs. For 
example, phosphatidylcholine is a largely cylindrical phospholipid and therefore forms stable 
lamellar structures in either La or Lp under most hydrated conditions. Unsaturated 
phosphatidylethanolamines (PEs) assume hexagonal phase order. The introduction of 
ethanolamine lipids into a bilayer will change the curvature and rigidity of the bilayer, relative to 
a phosphatidylcholine only lipid bilayer15 • 
8 
D 
E 
30 
CofTlx>sition, %wlw 'Miter 
c 
Figure 3: Representative lipid phase diagram. In a lipid bilayer phospholipids can assume many 
different mesophases. The acyl chain composition, headgroup, temperature and hydration can all play a 
part in determining the phase of a phospholipid bilayer. Chemical processes and physical stimuli can be 
used to induce phase changes and alter the physical properties of the lipid bilayer, such as permeability. A 
= Dehydrated Cubic phase, B = Hydrated cubic phase (Qa), C = Ia3d Cubic pahse, 0 = lamellar liquid 
crystalline phase (La), E = lamellar gel phase (L1J). The white space between phases indicates an 
intermediate phase. Figure adapted from Caffrey et. a/.14 
9 
Entropic and enthalpic contributions from the hydrophobic effect and lipid-lipid 
interactions, respectively, determine the transition from one phase to another. Physical forces, 
especially thermally induced motion, can disrupt the lamellar structure of lipid bilayers, by 
overcoming thermodynamic barriers, and induce a phase transition as indicated in figure 3. The 
transition temperature (Tm) denotes the transition from Pp to La, with the Lp to Pp commonly 
referred to as the pre-transition. Adding lipophilic molecules such as cholesterol or increasing the 
percentage of another lipid will also affect the phase boundaries of a lipid bilayer. For example, 
the addition of cholesterol stabilizes the lipid bilayer by intercalation and increases the phase 
transition temperature16'17 . Therefore, the fluidity and order of a lipid bilayer is dependent on its 
composition. Similarly, the interaction of the lipid bilayer with the external aqueous environment 
can influence membrane structure, stability, and permeability. 
Stimulus-responsive liposome delivery systems take advantage of, and manipulate, the 
colloidal properties of lipid bilayers to facilitate release's.-21 • To maintain spatial and temporal 
control of release , it is important that the lipid bilayer remain impermeable to the encapsulated 
solute before the release stimulus arrives. Conversely, to achieve delivery of a high local 
concentration of a drug on demand, a mechanism to increase membrane permeability such as a 
physiochemical stimulus is required to initiate release of the encapsulated molecules in vivo . The 
stimulus to initiate release can be applied ex vivo but must pass safely through biological tissue 
e.g. ultrasound10•22•23 • Light provides an alternative stimulus to disrupt lipid bilayers, increase 
their permeability, and initiate release of the encapsulated entity. 
10 
1.3 Light sensitive liposomes 
Photochemical mechanisms can provide a stimulus for the release of liposome-
encapsulated molecules. Previously, liposome systems that respond to ultraviolet (UV) light have 
been developed18'20• Between 200 nm and 400 nm, the photonic energies range from 600 to 300 
kJ mol-' and UV photons therefore have sufficient energy to induce bond lysis, radical formation, 
or isomerization directly (figure 4)4 • For example UV photons induce trans-to-cis isomerization 
of an azo-benzene group in the acyl chains of the bilayer phospholipids, destabilizing the bilayer, 
increasing permeability and facilitating release20 . Acyl chain cross-linking systems have also 
been developed21 • However, in order for light sensitive liposomes to function in situ, the photonic 
stimulus must be non-damaging and transmissible in biological tissue. UV light is not 
transmissible in biological tissues, necessitating invasive procedures to bring the light source into 
contiguity 
As shown in figure 5, light in the 600 to 900 nm wavelength range is transmissible in 
biological tissue due to low absorption and scattering coefficients. However, as shown in figure 
4, photonic energies in the 600 to 900 nm range are insufficient to induce a photochemical event 
directll. Therefore, light in this wavelength range is considered biologically compatible and has 
already found use in functional brain imaging24 , optical mammography25 , and the monitoring of 
blood oxygenation26 • In order to initiate release of liposome encapsulated molecules using light 
in this wavelength range a photochemical mechanism is required that responds to these low-
energy tissue-penetrating photons. 
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Figure 4: The correlation between bond energies and light wavelength. Figure adapted from Turro et. 
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1.4. Photochemistry with low energy photons 
As previously stated, in order to release liposome-encapsulated molecules using tissue-
penetrating wavelengths, a photochemical mechanism using low energy photons is required, and 
indirectly increases lipid bilayer permeability. It is hypothesized here that liposome-encapsulated 
molecules can be released using a phthalocyanine photosensitizer (figure 6). Many 
photosensitizers absorb photonic energy and then initiate oxygen dependent photochemical 
reactions; this is called photodynamic action (PDA)27'28 • Types of PDA are classified depending 
on the reactive oxygen species produced. 
• Type I PDA produces superoxide radicals upon absorption of light by the photosensitizer, 
caused by electron transfer from the photosensitizer to molecular oxygen. 
• Type II PDA produces singlet oxygen upon transfer of photonic energy from 
photosensitizer to oxygen. 
Upon excitation with tissue penetrating red light, the phthalocyanine photosensitizers produce 
singlet oxygen C02) via type II PDA 29-33 • 10 2 is an electronically excited version of molecular 
oxygen. Under aqueous conditions, its half-life is between 10-6 and 10-3 s28.34 • It has been shown 
that 10 2 reacts with unsaturated fatty acids, such as those in egg phosphatidylcholine (egg PC), to 
oxidize lipids and increase membrane permeabili~5 . Similarly, phthalocyanine mediated type II 
PDA has been shown to increase lipid bilayer permeability and to inactivate membrane proteins3&-
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Figure 7 shows the general energy state diagram for type II PDA by a photosensitizer. 
Upon absorption of photons of energy hv the photosensitizer is promoted to an excited singlet 
state from the ground state (S0). Photon absorption takes approximately 10-15 s and vibrational 
reorganization occurs on a 10-12 s timescale. Therefore, the initial excited state has the same 
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nuclear configuration as the ground state and is called the Franck-Condon (FC) state. Relaxation 
via internal conversion (/C) forms the first singlet state (S1), an equilibrium state. The singlet 
ground state refers to spin-paired electrons in the highest occupied molecular orbital (HOMO). 
Photon absorption promotes the spin-paired electrons to the lowest unoccupied molecular orbital 
(LUMO). 
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Figure 6: Chemical structure of aluminum phthalocyanine disulfonic acid (AIPcS:J. 
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IC 
Figure 7: Jablonski energy state diagram from the type II photodynamic action. Photonic energy is 
absorbed (A , blue arrow) exciting the photosensitizer (P) from the ground state (S0) to a Franck-Condon 
state. Internal conversion (IC, dashed arrow) and nuclear rearrangement allows formation of the first 
excited singlet state (S 1). The photosensitizer can be returned to the ground state via fluorescence (Fl, 
green arrow) and non-radiative (heat) or quenching processes (dashed arrow). The energy can be 
transferred to a triplet energetic state (T1) via intersystem crossing (ISC). Phosphorescence (Ph, red arrow) 
and non-radiative (heat) or quenching processes (dashed arrow) compete with energy transfer to molecular 
oxygen. If the energy difference between T 1 and S0 of the photosensitizer is greater than 94.3 kJ mol·1 then 
energy transfer to molecular oxygen can occur and singlet oxygen can be formed. 
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Molecules in excited singlet states return to the ground state via radiative emission 
(fluorescence), non-radiative emission (heat) or quenching. The excited S1 can undergo 
intersystem crossing (ISC), a spin forbidden transition, to an excited triplet state (T1). The T1 state 
has unpaired electrons and typically a longer lifetime. Molecules in an excited triplet state can 
also undergo radiative (phosphorescence) or non-radiative processing to return back to the ground 
state. All radiative emissions occur from an equilibrium state to a Franck-Condon ground state. 
In order for type II PDA to occur, the photonic energy must be transferred from the S1 state to the 
triplet state, T1 via intersystem crossing (equation 1.1). 
km; )I P(J;) (1.1) 
The quantum yield for the triplet state is dependent on the relative rates of ISC (k1sc) compared to 
the rates of fluorescence and non-radiative emission, which return the S1 state to S0 • The T1 state 
of the photosensitizer has resonance with the triplet ground state of 0 2 • Therefore, if the T1 
energy is greater than 94.3 kJ mol·1 energy transfer to 0 2 can occur and 10 2 is formed39 • 
ken is the rate of energy transfer. The quantum yield for 10 2 (<I>~) in type II PDA is given by 
equation 1.339 • 
The 10 2 quantum yield is determined by the quantum yield for the triplet state (<I>T) and energy 
transfer (<I>en). <I>en is determined by ken• the concentration of 0 2, radiative emission or 
phosphorescence (k,), non-radiative emission or heat (kn,), and quenching processes (kq[02])39 . kq 
is the sum of all the quenching processes that might occur: energy transfer, electron transfer to 0 2 
(type I PDA) and physical deactivation of the photosensitizer by molecular oxygen. Equation 1.3 
can be re-written: 
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J{ is the fraction of triplet states quenched by oxygen which yield 10 2 and is given by k,nlkq. 
P't
2 
is the fraction of triplet states quenched by oxygen (02). The triplet lifetime (rT) of 
aluminum phthalocyanines is 500 ~.though, when adsorbed to a surface the lifetime increases to 
1000 ~29 • A large photosensitizer rT supports efficient photodynamic action by providing a 
longer time for the energy transfer to occur, increasing J{. Phthalocyanines, together with their 
large extinction coefficients (e~2 xl05 cm-1 M"1) and high photostability, are very effective 
photosensitizers. In addition, phthalocyanines absorb wavelengths of light above 600 nm. 
Therefore, phthalocyanines provide a means to capture tissue-penetrating wavelengths of light 
and use them to initiate a photochemical event. 
19 
1.5 Central Hypothesis and Experimental Summary 
Aluminum phthalocyanine trisulfonic acids (AlPcS3) have been shown to increase lipid 
bilayer permeability upon irradiation with red lighf6.37 . This reaction was due to type II PDA and 
required unsaturated fatty acids in the lipid bilayer to initiate release of liposome contents . It is 
hypothesized that aluminum phthalocyanine disulfonic acids (AlPcS2) adsorbs to lipid bilayers, 
and provides effective photosensitized release. Based upon the previous findings, and the known 
PDA of AlPcS2, figure 8 shows the proposed photochemical mechanism for the release of 
liposome-encapsulated molecules. In this mechanism, the type II PDA of liposome-adsorbed 
AlPcS2 produces 10 2 in response to irradiation with tissue penetrating wavelengths of light. The 
10 2 reacts with the unsaturated fatty acids in the egg PC bilayer. Photo-induced oxidation of the 
lipid bilayer increases its permeability and facilitates flux of the encapsulated molecules. The 
proposed mechanism in figure 8 addresses the central question of this investigation by releasing 
liposome-encapsulated molecules using tissue-penetrating wavelengths of light. In order to 
evaluate the proposed photochemical mechanism for the release of liposome encapsulated 
molecules, and eventually to design an effective drug transport system, three aims of this research 
are to: 
1. Establish a chemically tractable model system to evaluate liposome permeability 
2. Investigate AIPcS2 photophysics and lipid bilayer interactions 
3. Demonstrate the photo-induced release of liposome encapsulated molecules via the 
type II PDA of AIPcS2 
The subsequent chapters describe the completion of these specific aims. Chapter 2 contains the 
materials, methods and instrumentation-related details . Chapter 3 describes the effect of 
detergents on lipid bilayer integrity and permeability. In addition to developing an experimental 
and semi-empirical mathematical model of liposome permeabilization, the data in chapter 3 
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provide validation of liposome preparation procedures and assays. Specific aim 2 efforts are 
detailed in chapter 4 where the photophysics of AlPcS2 are used to identify the interaction 
between the photosensitizer and the lipid bilayer. Finally, elements of specific aim 1 and 2 are 
used to demonstrate the photo-induced release of liposome-encapsulated molecules in chapter 5. 
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Figure 8: The proposed photochemical mechanism for the photo-induced release of liposome 
encapsulated molecules. 
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CHAPTER 2: MATERIALS, METHODS AND INSTRUMENTATION 
2.1 Materials 
Analytical grade Trizma, potassium chloride, Triton X-100, ferric chloride hexahydrate, 
ammonium thiocyanate, and sodium azide were purchased from Sigma Aldrich (St. Louis, MO) 
and used without further purification. All organic solvents were purchased from Sigma Aldrich 
(St. Louis, MO) and were of HPLC purity. The fluorescent probe 8-aminonaphthalene-1 ,3 ,6-
trisulfonic acid (ANTS) and quencher p-xylene-bis-pyridinium bromide (DPX) were purchased 
from Molecular Probes (Life Technologies, Carlsbad, CA). Aluminum chloride phthalocyanine 
disulfonic acid (AlPcS2), aluminum chloride phthalocyanine tetrasulfonic acid (AlPcS4), and 
bacteriochlorophyll-a (BChla) were purchased from Frontier Scientific (Logan, UT). Chicken 
egg phosphotidylcholine (egg PC) was purchased from A vanti Polar Lipids (Alabaster, AL.). [3-
methoxyvinylpyrene ([3-MVP) was purchased from Molecular Probes (Invitrogen, Carlsbad, CA.) 
as trans-1-(2' -methoxyvinyl)pyrene, a mix of 52% trans and 48% cis and was used without 
further purification. f3-MVP was resuspended as a 1 mg mL-1 stock in DMSO for all experiments. 
>99% pure 5-Carboxyfluorescein (CF) was purchased from Sigma Aldrich (St. Louis, MO.) and 
used without further purification. All aqueous solutions were prepared using de-ionized ultra-
filtered (DIUF) H20 with a purity of 18.2 MQ cm-1 (Millipore Synthesis, Millipore, Waltham, 
MA.). 
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2.2 General method of unilamellar vesicle preparation 
Chicken egg phosphatidylcholine in chloroform (25 mg ml-1) was dried in a half-dram 
borosilicate vial (Fisher Scientific, Waltham, MA .) under a ultra high purity (UHP) nitrogen 
stream (Airgas, Salem, NH_)_ Residual chloroform was removed by placing the vial in a vacuum 
chamber for 30 minutes. The chamber was flooded with UHP N2 and the vial sealed with a 
Teflon coated cap. The dried lipids were re-hydrated in the encapsulation media_ The 
encapsulation media is the internal vesicle solution and is specific to the assay being performed_ 
The dried lipids were resuspended by vortexing at 5 s intervals for 30 s. The resulting suspension 
of multi-lamellar vesicles (MLVs) was extruded through a 100 nm pore diameter polycarbonate 
membrane 20 times (A vanti Polar Lipids , Alabaster, AL) using a mini-extruder at 40 oc (A vanti 
Polar Lipids, Alabaster, AL). The extrusion process produced large unilamellar vesicles (LUVs) 
with a homogeneous diameter of 100 nm, henceforth referred to as liposomes. Non-encapsulated 
material was removed from the suspension via 5ml Zeba 7kDa molecular weight cutoff (MWCO) 
desalting spin columns (Pierce, Thermo Fisher Scientific, Waltham, MA_)_ The column was 
equilibrated with a solution with the same pH and osmolarity as the encapsulation media to 
ensure liposome stability, referred to as the suspension media. Specific experimental details on 
the encapsulation and suspension media are given below_ The resulting liposome suspension was 
stored at 4 oc under standard atmospheric conditions until required. 
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2.3 Phospholipid concentration 
The concentration of phospholipids in liposome suspensions was determined using the 
Stewart assay40 calibrated against egg PC stock. Briefly, a ferrothiocyanate reagent was prepared 
by dissolving 27.03 gram of ferric chloride hexahydrate and 30.4 gram of ammonium thiocyanate 
in water. The solution volume was then made up to 1 liter. A 0.1 mg mL-1 standard of 
phospholipid was prepared using a phospholipid stock in chloroform. A calibration series was 
prepared in triplicate by diluting an aliquot of the phospholipid standard with chloroform to give 
a total volume of 2 mL and then adding 2 mL of ferrothiocyanate reagent. Each tube was 
vortexed for 30 seconds and centrifuged for 10 minutes at 300 x g. The lower, organic layer was 
removed and the optical density read at 485 nm on a Beckman Coulter DU 640 
Spectrophotometer (Beckman Coulter). The resulting calibration curve permitted estimation of 
phospholipid concentrations in unknown samples . The phospholipid component of liposomes 
was prepared using a methanol/chloroform extraction. A sample of liposomes was added to a 1:1 
methanol/chloroform solution. The resulting mixture was vortexed for 2 minutes and then 
centrifuged at 3000 x g for 15 minutes. The lower, organic phase was removed and the 
phospholipid concentration determined by the Stewart assay. 
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2.4 Liposome sizing using dynamic light scattering 
Dynamic light scattering (DLS) was performed on a Brookhaven 90Plus particle analyzer 
(Brookhaven Instruments Corp.). Laser light scattering (657 nm) was measured at 90 degrees to 
the incident beam at 25 °C. Liposome suspensions resulting in a count rate less than 250 kcps 
were used to provide a robust, non-saturating signal. Typically, five consecutive 30 s 
measurements were used on 3 independent dilutions to obtain the mean particle size and estimate 
sample heterogeneity. A size cut-off filter of 60 nm was used to prevent dust contamination. 
Data were analyzed using Zeta plus particle sizing software v4.2 (Brookhaven Instruments Corp.) 
and the size is reported as the effective hydrodynamic diameter. 
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2.5 Determination of critical micelle concentration 
The reported critical micelle concentration (CMC) for Triton X-100 is 230 J.IM4 1• The 
CMC for Triton X-100 was determined under the experimental conditions via isothermal titration 
calorimetry (lTC) using a Nano lTC instrument (TA Instruments, New Castle, DE.). A micellar 
solution of Triton X-100 (10 mM) was prepared in a 30 mM tris-HCl buffer containing 100 mM 
KCl and adjusted to pH 7.4. A 250 ~titration syringe was filled with 10 mM Triton X-100 . 
The instrument was equilibrated prior to the start of the titration experiment. The micellar Triton 
X-100 suspension was titrated into the same buffer (30 mM tris-HCl, 100 mM KCl, pH 7.4) in 5 
JlL injections at 300 s intervals with a 350 rpm stir speed at 25 °C. A 300 s baseline was 
collected prior to the first injection and after the last. The heats of injection were recorded in j.l.J. 
The data were exported and analyzed using the curve-fitting toolbox in MatLab (The Mathworks, 
Natick, MA .). A spline function was fitted to the data and the resulting fit used to determine the 
CMC the free energy of de-micellization. 
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2.6 Thermodynamics of lipid detergent interactions 
Isothermal titration calorimetry (lTC) was used to determine the thermodynamic 
parameters of detergent-lipid bilayer interactions. A liposome suspension (1 mM of 
phospholipid) was titrated into a 100 !JM Triton X-100 solution at 25 °C. 5 JlL injections at 300 s 
intervals and a stir speed of 300 rpm were used (100 jtL syringe volume). The heats of injection 
were analyzed using the curve-fitting tool in MatLab. The data were fitted to a partition model 
using the Levenberg-Marquardt algorithm to estimate the enthalpy (~H) and partition co-efficient 
(K) for the insertion of detergent into the lipid bilayer. 
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2.7 Solubilization of liposomes via lTC 
The detergent concentration that yields liposome solubilization was measured using lTC. 
A 100 pL syringe was filled with a micellar Triton X-100 suspension (10 mM) in a 30 mM tris-
HCl buffer containing 100 mM KCl and adjusted to pH 7 .4. The cell contained a liposome 
suspension in the same buffer (200 pM of phospholipid). 5 pL injections at 300 s intervals and a 
stir speed of 300 rpm were used. The heats of injection were analyzed using the curve-fitting tool 
in MatLab. A spline function was used to estimate the concentration at which Triton X-100 
solubilizes the liposomes. 
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2.8 Sizing and solubilization of detergent treated liposomes 
Liposome size was estimated as above using a Brookhaven 90Plus particle analyzer. 
After obtaining size parameters for 3 independent samples, liposomes (200 J.lM phospholipid) 
were incubated with different Triton X-100 concentrations for 5 minutes and then their sizes re-
analyzed. Laser light scattering (657 nm) was measured at 90 degrees to the incident beam at 25 
°C. Typically , five consecutive 30 s measurements were used on 3 independent dilutions to 
obtain the mean particle size and estimate sample heterogeneity. A size cut-off filter of 60 nm 
was used to prevent dust contamination. Data were analyzed using Zeta plus particle sizing 
software v4.2 (Brookhaven Instruments Corp.) and the size is reported as the effective 
hydrodynamic diameter. 
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2.9 Absorption and emission spectra 
All absorption spectra were measured using a Beckman Coulter DU 640 
Spectrophotometer (Beckman Coulter) at 22 °C. All measurements were recorded in triplicate . 
Further experimental conditions are as stated. Emission spectra recorded on a Hitachi F4500 
Spectrofluorimeter fitted with a Ushio UXL-152H Xenon Arc Lamp (Ushio America Inc. 
Cypress, CA.) using a Hellma Suprasil Quartz Cuvette (Thermo Fisher Scientific, Waltham, 
MA.). The temperature was maintained by a water-jacketed cuvette holder and a circulating 
water bath (Neslabs, Thermo Fisher Scientific, Waltham, MA.). Generally , emission spectra 
were recorded with excitation slit widths of 2.5 nm and recorded via PMT with a voltage of 700 
V unless otherwise stated. 
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2.10 Assay for detergent induced liposome permeabilization 
Detergent induced permeabilization was assessed using a modification of the method 
used by Pashkovskaya et. aP6 • Unilamellar vesicles were prepared as above using an 
encapsulation media containing 20 mM ANTS and 40 mM DPX, 50 mM KCI, 10 mM Tris, and 
10 mM MES at pH 7 .4. Non-encapsulated material was removed from the suspension via 5ml 
Zeba 7k MWCO desalting spin columns. The column was equilibrated with a 120 mM KCl, 10 
mM Tris, 10 mM MES, pH 7.4 buffer. An aliquot of the ANTS/DPX liposome stock was diluted 
to a working volume of 2 mL. The final phospholipid concentration was 200 jtM. The 
fluorescent signal of ANTS was followed at 520 nm (excitation at 355 nm) using a F4500 
Spectrofluorimeter. The PMT voltage was set to 700 V and both the excitation and emission slit 
widths set to 2.5 nm. A water-jacketed cuvette holder and circulating water bath maintained the 
temperature. The sample was stirred continuously. Triton X-100 was injected after collecting a 
50 s baseline and the change in fluorescence intensity measured. At the end of the assay, Triton 
X-100 was injected to give a final concentration of 0.1% to induced complete solubilization and 
100% release of ANTS. 
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2.11 HyperChem Modeling of Triton X-100 
The cross sectional area of triton X-100 was calculated using the HyperChem molecular 
modeling software. The hydrophobic 4-(1 ,1 ,3 ,3-tetramethylbutyl)-phenyl moiety was modeled 
with a hydrophilic ten-unit polyethylene oxide chain. Geometry optimization of the molecule 
was performed using HyperMM+, which is derived from the MM2 force field42 • 
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2.12 AIPcS2 Adsorption to Liposomes 
The increase in AlPcS2 fluorescence emission at 679 nm upon binding to liposomes was 
measured using a Hitachi F4500 Spectrofluorimeter. 1 J..IM AlPcS2 was titrated against a 
liposome suspension of known phospholipid concentration. Liposomes were added to a solution 
of 1 J..LM AlPcS2 (100 mM KCl, buffered with 10 mM Tris HCl at pH 7.4) and left to equilibrate 
for one hour in sealed tubes at room temperature. Fluorescence emission spectra between 650 
and 800 nm were collected with 605 nm excitation. Slit widths were set to 2.5 nm and the PMT 
voltage was 900 V. Sample temperature was 25 °C. 
34 
2.13 Fluorescence Anisotropy 
Emission measurements were made using a Hitachi F4500 Spectrofluorimeter fitted with 
excitation and emission polarizers. Liposome stock suspensions of known phospholipid 
concentration were added to 1 J.LM solution of either AlPcS2 or ~-MVP (100 mM KCl, buffered 
with 10 mM Tris HCl at pH 7.4). The suspension was equilibrated for 30 minutes. The 
temperature was varied between 5 oc and 50 oc and increased at a rate of 20 oc per hour, with a 
15 minute equilibration time at each 5 oc increment. AlPcS2 was excited at 605 nm and the 
emission peak at 679 nm was used to follow changes in polarization with respect to temperature. 
Emission intensity at 413 nm was selected to follow changes in polarization for ~-MVP. All 
measurements were made in triplicate. Significance was tested using Student's T -test for 
comparing means under the assumption of equal variance. 
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2.14 Lipid bilayer permeability assay 
A fluorescence de-quenching assay was used to assess lipid bilayer permeability. CF was 
encapsulated in liposomes at self-quenching concentrations. Liposomes were prepared in an 
encapsulation media containing 100 mM CF titrated to pH 7.4 with tris-HCI. Non-encapsulated 
CF was removed by spin column as described above. Thermally induced phospholipid bilayer 
permeability was measured using a GFP filter cube (Olympus, Center Valley, PA.) in a Navitar 
epifluorescence optical train (Navitar, Rochester, NY.) fitted with a Nikon fluorescent objective 
(Nikon Instruments, Melville, NY.) as shown in figure 9 (page 37). An alternate orientation with 
the epifluorescence perpendicular to the cuvette and illumination from above did not yield 
significantly different results. The sample temperature was regulated using a water-jacketed 
cuvette holder regulated by an lsotemp circulating water bath (Thermo Fisher Scientific, 
Waltham, MA.). CF Liposome stock suspensions were added to 100 mM KCl, buffered with 10 
mM Tris HCl at pH 7.4, to give a total sample volume of 2 mL with a phospholipid concentration 
of 200 J.LM. Changes to lipid bilayer permeability were assessed via a fluorescence de-quenching 
assay. The increase in fluorescence was measured every 5 seconds for 20 minutes using a 2 
megapixel Spot CCD Camera and Spot software (Insight, Sterling Heights, MI.). Images were 
collected as 14 bit grayscale images and processed using lmageJ43 to obtain a measurement of 
average CF fluorescence in the plane of focus. Measurements were made in triplicate for each of 
three independent samples. Injection of triton X-100 (final concentration of 0.1 %) at the 1100 
second time point gave 100% CF release. The effect of AIPcS2 on membrane permeability was 
assessed in the same manner: however CF liposome stock suspensions were added to solutions 
containing a known concentration of AlPcS2 and allowed to equilibrate for 15 minutes. 
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Figure 9: Experimental setup A. The experimental setup used to assess thermally induced lipid bilayer 
permeability. 
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2.15 Singlet oxygen assay 
10 2 was detected following its reaction with ~-MVP that leads to a decrease in 
fluorescence at 420 nm. A solution of MB was equilibrated with 1 IJ.M ~-MVP in a liposome 
suspension (200 f.tM phospholipid, 100 mM KCl, buffered with 10 mM Tris HCl at pH 7.4). The 
2 mL samples were placed in a water-jacketed curette holder. Samples were irradiated with 630 
nm light from a 5 m W HeNe laser. The light source was brought into contiguity with the sample, 
perpendicular to the direction of measurement as described in figure 10 (page 39). Decrease in 
emission intensity of ~-MVP was followed using an epifluorescence optical train fitted with a 
Nikon fluorescent objective and a DAPI filter cube (Olympus, Center Valley, PA.). Images were 
collected with a 2 megapixel Spot CCD Camera and Spot software. Images were collected as 14 
bit grayscale images and processed using lmageJ43 to obtain a measurement of average ~-MVP 
fluorescence in the plane of focus. The data for each trial were expressed as the decrease in 
fluorescence intensity divided by the initial fluorescence intensity for that sample. Measurements 
were made every 5 s and in triplicate for each of three independent samples. Preliminary 
measurements of 10 2 produced by AlPcS2 were made in the same manner using the experimental 
setup detailed in figure 10. 
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Figure 10: Experimental setup B. The experimental setup used to measure 10 2-mediated inacti vation of 
[:3-MVP fluorescence. 
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Experimental setup B was refined to increase 10 2 production (figure 11, page 41). 
Samples were irradiated with light from a xenon light source with a 50 W radiant output (Sutter 
Instruments, Novato, CA.). A 590 nm cut-on filter was used to prevent photobleaching of ~­
MVP (Chroma, Bellows Falls, VT .). The light source was brought into contiguity with the 
sample, perpendicular to the direction of measurement via a light guide. Lamp spectra (figure 12, 
page 42) were measured using a custom built Ocean Optics USB 2000+ spectrophotometer 
(Ocean Optics, Dunedin, FL.). All power measurements were made using a Newport 1916-R 
Optical Power Meter (Newport Optics, Franklin, MA.). Varying concentrations AlPcS2 were 
equilibrated with 1 ~ ~-MVP in a liposome suspension (200 ~phospholipid, 100 mM KCl, 
buffered with 10 mM Tris HCl at pH 7.4). The 2 mL samples were placed in a water-jacketed 
cuvette holder attached to an Isotemp circulating water bath. Decrease in ~-MVP emission 
intensity was followed using an epifluorescence optical train as above. The data for each trial 
were expressed as the decrease in fluorescence intensity divided by the initial fluorescence 
intensity for that sample. Measurements were made every 5 s and in triplicate for each of three 
independent samples. 
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Figure 11: Experimental setup C. The intensity of light used to irradiate samples was increased by using 
a filter xenon light source. 
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Figure 12: Lamp spectra for non-filtered and filtered xenon light source. Lamp spectra were measured 
using a custom built Ocean Optics USB 2000+ spectrophotometer. Power measurements were made using 
a Newport 1916-R Optical Power Meter. Light intensity at 671 was found to be 55 mW. 
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2.16 Photo-release of Carboxyfluorescein 
Photo-induced phospholipid bilayer permeability was measured using the same 
fluorescence de-quenching assay described above and the experimental setup described in figure 
13. CF Liposome stock suspensions were added to a solution containing 1 pM AlPcS2 (100 mM 
KCl, buffered with 10 mM Tris HCl at pH 7.4), to give a total sample volume of 2 mL 
(phospholipid concentration of 200 ~M). Auorescence was measured every 5 seconds for 20 
minutes using the CCD camera and image processing software described above. Photo-release of 
CF was achieved using the same filtered xenon source described above, exposing the samples for 
200 s after collecting a 100 s baseline. Injection of triton X-100 (final concentration of 0.1 %) at 
the 1100 second time point gave 100% CF release. All measurements were made in triplicate 
from three independent samples. 
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Figure 13: Experimental setup D. Measuring the photo-release of liposome encapsul ated CF using a 
fluorescence dequenching assay . 
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CHAPTER 3: A MODEL OF LIPOSOME PERMEABILZATION 
3.1 Introduction 
Liposomes offer a method for encapsulating high concentrations of a drug, protecting it 
during in vivo administration. The mechanism proposed in the current research (figure 8, page 
22) modifies lipid bilayer permeability to deliver liposome-encapsulated drugs in a spatially and 
temporally controlled manner. The development of such a mechanism requires an understanding 
of the colloidal properties of liposomes that can then be manipulated to achieve control of release. 
Understanding the mechanisms governing permeability requires a chemically tractable 
experimental model of liposome permeabilization. This chapter describes such a model, 
providing physical and thermodynamic analysis of lipid bilayer colloidal properties. Establishing 
such a model also validates liposome preparation, encapsulation, and purification procedures, 
independently of the photochemical mechanism. 
Controlled disruption of lipid bilayers using detergents provides information on 
fundamental lipid dynamics and processes. Detergents are amphipathic molecules that partition 
into lipid bilayers by virtue of their chemical nature44 • They undergo a concentration dependent 
change of state under aqueous conditions because of their amphipathic chemical structure. The 
critical micelle concentration (CMC) is the detergent concentration at which detergents switch 
from a monomeric state to an aggregated form called a micelle (figure 14, page 46). The CMC of 
a detergent is dependent on its chemical structure and conditions in the chemical environment. 
Thermodynamically, micelle formation is the inverse of de-micellization (!::J.Gmic = -!::J.Gdemic)45 • 
De-micellization refers to the process of forming monomeric detergent from dilution of micelles . 
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Figure 14: Detergents undergo a reversible process of micelle formation at the CMC. As the 
concentration of detergent monomers increases past a critical value, the detergent molecules aggregate into 
a micellar form . The free energy of micelle formation (AGm;c) is the inverse of the de-micellelization 
energy change (AGdemic). 
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Detergents are key tools in the study of lipid order parameters46 , bilayer stability47 , 
membrane curvature, and elasticity48 • Lipid-detergent interactions have been used in the study of 
membrane proteins49--51 , identification of lipid rafts46'52'53 , and the role of bile salts5 1 in lipid 
metabolism. Therefore, the use of detergents to chemically induce liposome permeabilization 
provides an experimental model of the processes required to release liposome-encapsulated 
molecules. 
The solubilization of liposomes by a detergent is generally described as a three-stage 
process (figure 15)44•48.so·54• In the first stage, at low concentrations, monomeric detergent 
molecules partition into the lipid bilayer due to their amphipathic nature. Transmembrane motion 
(flip-flop), increased membrane permeability, or vesicle fusion may occur during this stage47,s1• 
The specific effect of the detergent and the order in which these events occur is dependent on the 
detergent, the lipid bilayer composition, and the surrounding sol vent47'55 • Overall, however, lipid 
bilayer integrity is maintained. As the concentration of detergent increases there is a transition to 
a second stage. In stage two, the liposome reaches maximum capacity in its detergent 
accommodation and becomes highly unstable and disrupted. Membrane permeability increases 
further and the lipid bilayer begins to bleb. The term R sat describes the detergent to lipid molar 
ratio at which the lipid bilayer becomes saturated with detergent and marks the transition to stage 
two45 . R sat is approximately equal to the CMC multiplied by the partition co-efficient (K) for a 
detergent under specific experimental conditions45 . Ultimately increasing the detergent 
concentration further leads to stage three, a catastrophic collapse of the lipid bilayer and the 
formation of mixed, lipid-detergent micelles54• The term R sol describes the detergent to lipid 
molar ratio at which solubilization occurs and mixed micelles are formed. Several phenomena 
can occur during the titration of detergent into a liposome suspension including flip-flop, phase 
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change, vesicle fusion. The change in permeability of the liposomal bilayer in response to 
detergent titration and release of encapsulated molecules is of particular interest here. 
Permeability increase is seemingly independent of other phenomena that occur during 
solubilization and, depending on the system, can occur in either stage one or two47 • 
In this chapter the interaction of chicken egg phosphotidylcholine (egg PC) with Triton 
X-100 (TX-100) forms the basis of the experimental model of liposome permeabilization. Egg 
PC is the lipid used in the proposed photochemical release study; it forms stable liposomes with a 
biologically relevant bilayer. The effect of TX-100 on PC lipid bilayers has been previously 
described56.57. Importantly, the use of a non-ionic detergent, like TX-100, removes the need to 
consider electrostatic detergent-lipid interactions, allowing for a tractable analysis of 
experimental data. 
Using dynamic light scattering (DLS) and isothermal titration calorimetry (lTC), a 
thermodynamic and physical characterization of detergent-liposome interactions is presented. It 
is hypothesized that addition of TX-100 will increase liposome permeability before full 
solubilization. Together the data in this chapter will quantify the effects of detergents on the lipid 
bilayer and provide an experimental model of release of liposome-encapsulated molecules. The 
information gained from this experimental approach is summarized in a mathematical model of 
liposome permeabilization. The model is used to understand the processes that facilitate release 
of liposome-encapsulated molecules. 
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1 3 
Detergent to Lipid Molar Ratio 
Figure 15: The solubilization of liposomes by a detergent is a three-stage process. (1) The detergent 
(black) binds to the lipid bilayer (grey) of the liposome according to a partition coefficient (K). R sat is the 
detergent to lipid molar ratio at which the lipid bilayer is saturated with detergent and marks the transition 
to the second stage. (2) Detergent mediated disruption of the lipid bilayer is increased causing flip-flop, 
permeabilization, membrane blebbing, and vesicle fusion. (3) Further increases in detergent concentration 
causes solubilization of the liposomes and formation of mixed detergent-lipid micelles. R sol is the detergent 
to lipid molar ratio at which full solubilization occurs. 
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3.2 Results 
3.2.1 Liposome size and heterogeneity 
Egg PC liposomes prepared via extrusion under isotonic conditions (150 mM KCl, 30 
mM Tris-HCl, pH 7.4) had an average diameter of 112.4 nm (±3.8 nm, n=3) as measured by 
DLS. A single scattering peak was observed for all preparations. This suggests that the liposome 
preparation is a homogeneous suspension. The reported liposome size is the effective 
hydrodynamic diameters, which includes the hydration sheath around the liposome. The 
dimension of this sheath is approximately the Debye length (L0 ), calculated from equation 3.158 . 
E0Erk8 T 
2NaZl21 
(3.1) 
Where, Eo is the permittivity of free space, E is the dielectric constant (taken to be 80 or that of a 
bulk water solvent at STP, k8 is Boltzmann's constant, Tis the absolute temperature (298 K), Na is 
Avogadro's number, Z; is the charge number, and e is the elementary charge. Ionic strength of the 
aqueous medium outside of the liposome is denoted by the symbol I. Under the conditions used, 
L0 is approximately 0.76 nm. Removing the Debye length from the measured hydrodynamic 
diameter gives a liposome diameter of 110.9 nm (±3.8 nm). This indicates that the liposomes are 
close to the 100 nm pore diameter used in the extrusion procedure. DLS instruments using only a 
90° scatter measurement are prone to bias in average diameter measurements due to the presence 
larger particles in the sample. Therefore the presence of relatively few liposomes larger than the 
stated pore diameter due to incomplete extrusion or vesicle fusion may skew the measurement 
and result in a larger average effective hydrodynamic diameter. However, the measurements 
presented here provide an analysis of the liposome preparation procedure and confirm the 
physical dimensions of the extrusion products. 
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3.2.2 Critical micelle concentration 
As discussed above, the CMC is the detergent concentration at which the transition from 
monomer to micelle occurs (figure 14) and is a function of the detergent and the environment in 
which the micelle is formed. Figure 16 (page 52) shows the lTC results for the de-micellization 
of TX-100. Figure 16A shows the baseline corrected exothermic heats of injection upon the 
titration of micellar TX-100 against a buffer (150 mM KCl, 30 mM Tris-HCl, pH 7.4) . The 
measured heat of injection is a function of the enthalpy of de-micellization (!)..Hdemic), heats of 
dilution due to successive injections (!)..Hdu). and small fluctuations due to temperature differences 
between the syringe and the cell. Buffer into buffer control runs account for the temperature 
difference between the syringe and the cell and corrected the lTC data in figure 16A. !)..Hdil can 
be estimated from the heat of injection at the end of the titration. The data suggest that !)..Hda is at 
least one order of magnitude lower than !)..Hdemi and is negligible. Figure 16B shows the corrected 
and integrated result of figure 16A. A spline function fit to the data allows analysis of the micelle 
to monomer transition. Figure 16C shows the first derivative of 16B; the CMC is taken to be the 
maximum45 , 198 J.LM. This compares favorably with the reported values of 230 1.1M45•54 . The peak 
width suggests a broad transition range and not a sharp "phase boundary" for TX -100 under these 
conditions. The transition is complete at approximately 400 f..LM, double the measured CMC. 
The free energy of micelle formation (!)..Gm ic) is given by equation 3.2, where R is the gas constant 
(8.3144 J mol·' K' 1) and Tis the absolute temperature (K). 
AG,;c = +RTln (CMC /55.5) (3 .2) 
From equation 3, the free energy of micelle formation is -3.1 xl04 kJ mol·'. 
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Figure 16: The critical micelle concentration of TX-100. (A) Heats of injection for the titration of 10 
mM TX-100 into a 150 mM KCI, 30 mM Tris buffer (pH 7.4, 25 °C). (B) The integrated heat of injection 
for the detergent titration. The data are fitted to a spline function. (C) The first derivative of the spline 
function gives a peak of 198 1-LM. 
52 
3.2.3 Thermodynamic characterization of liposome-detergent interactions 
Figure 17A shows the heat of injection over time for the titration of egg PC liposomes 
into a monomeric solution of TX-100. The data have been baseline corrected. The data indicate 
a large enthalpy release upon lipid titration that is consistent with previous findings on the 
insertion of detergent into lipid bilayers. The partition coefficient and the enthalpy of detergent 
insertion can be determined simultaneously from the integrated heats of injection45 . Equation 3.3 
describes the linear relationship between the free detergent in the aqueous phase (D1) and the 
detergent to lipid ratio (Rb)45 • 
K is the partition coefficient and has the units of reciprocal concentration. Rb describes the 
concentration of lipid bound detergent molecules (Db) compared to the lipid concentration (L). 
Therefore, equation 3.3 can be re-written in the form of equation 3.4. 
All concentrations refer to the volume of the sample cell plus n injection volumes, where n is the 
number of injections. The law of mass conservation dictates that the total detergent concentration 
(Dr) in the cell is equal to the concentration of bound detergent plus the free detergent (Dr= Db+ 
D1). Therefore: 
KL 
Db= Dr (3.5) 
l+KL 
To determine the partition co-efficient and the enthalpy of binding for the detergent-lipid bilayer 
interaction the concentration of detergent in the cell remains fixed (Dr) . The lipid concentration 
in the cell (L) increases by consecutive injections of liposome suspension (of concentration L0) 
into the monomeric detergent solution, represented by the first derivative of equation 3.5: 
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DD IDL0 = L KL (3.6) 
b (l+KL)2 
The molar amount of detergent transferred from the aqueous phase to the membrane is: 
oNb = oDbVceu· Each injection therefore supplies oNL = oLVceu moles of lipid. !!..Hb characterizes 
the detergent binding enthalpy and is a function of the number of bound detergent molecules. 
Therefore, upon substitution, equation 8 gives the heat of injection (oh;). 
oh. = v m KL oL0 (3 8) 
1 cell b (l + iKDL0)2 · 
Equation 3.8 allows a two parameter non-linear fit of the data in figure 17B using the general 
model f = ax/(1 +bx)2 • Figure 17B shows the fit to the integrated heat of injection for the titration 
of egg PC liposomes into TX-100. Table 1 summarizes the thermodynamic parameters calculated 
from the fit. The free energy of detergent binding (!!..Gb) is determined using equation 3.9, where 
R is the gas constant (8.3144 J mol-1 K 1) and Tis the absolute temperature (K). The entropy for 
the reaction is calculated from !!..Gb and !!..Hb. 
!!..Gb = -RTln 55.5K = !!..Hb- T!!.Sb (3.9) 
The values of K (3.1 x103 M-1) and !!..Hb (10.6 kJ mol-1) are in good agreement with literature 
reports45 . !!..Gb (-2.95 x104 kJ mol-1) and !!..Sb (66.9 kJ mol-1) indicate that detergent binding to the 
liposomes is thermodynamically favorable as would be expected from the amphipathic nature of 
the detergent molecule. Literature reports suggest that Rsat• the molar ratio of detergent to lipid at 
which liposomes become saturated with a detergent, is equal to K x CMC. With a CMC of 198 
~and K of 3.1 x103 M-1, Rsat equals 0.613. This is in good agreement with previous findings45 . 
When R is less than Rsat the liposomes are in stage one of solubilization (figure 15). At molar 
ratios of detergent greater than Rsat• the liposomes have transitioned to stage two and it is likely 
that solubilization increases as the detergent disrupts the lipid bilayer. As described above, in 
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stage two detergents disrupt lipid bilayers and can increase permeability before full solubilization . 
In order to understand the effects of detergent treatment on lipid bilayers the detergent 
concentration at which liposomes are solubilized must be measured. 
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Figure 17: Partitioning of TX-100 into Egg PC Liposomes. (A) The baseline corrected heat of injection 
for the titration of egg PC liposomes (phospholipid concentration of 1 mM) into a 100 1.1M solution of TX-
100 (150 mM KCl, 30 mM Tris, pH 7.4, 25 °C) . (B) The integrated heat of injection for the binding of 
detergent to the lipid bilayer. The data are fitted to the general model f (x) = ax/(l+bx? using non-linear 
regression and the Levenberg-Marquardt algorithm and the curve fitting toolbox of MatLab. The parameter 
b is K, the partition coefficient and l'lllb is found from a. 
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Table 1: Thermodynamic Parameters for the binding ofTX-100 to Egg PC liposomes 
St. St. St. St. 
Dev. Dev. Dev. Dev. 
3.10 93.8 10.6 0.099 -2.95 1.47 66.9 0.51 
K is the partition coefficient, t:Jlb the enthalpy of binding, t-.Gb the free energy and t-.Sb the 
entropy for TX-100 binding at 25 °C, n = 3. 
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3.2.4 Liposome solubilization 
The point at which liposomes are solubilized by a detergent can be determined using lTC. 
Titration of micellar detergent into a suspension of liposomes leads to solubilization of the 
liposomes. Initially, upon the titration of TX-100, de-micellization will occur, allowing the 
detergent to bind to the lipid bilayer according to the thermodynamic parameters above. This 
process represents stage one of liposome solubilization. An endothermic heat of injection that is 
a function of the 13.Hdemico /3.Hb and 13.Hdu is expected. As the titration continues the liposomes 
will become saturated with detergent and begin to be solubilized and smaller heats will be 
measured. R sol marks the transition from stage two to stage three in the solubilization of 
liposomes. Mter this point, the cell will contain mixed detergent-lipid micelles and an 
exothermic heat will be measured. This represents the equilibration of the injected detergent 
micelles with the mixed micelles. 
Figure 18 shows the heats of injection measured upon titration of TX-100 into a liposome 
suspension. Endothermic heats of injection occur upon the titration of micellar TX-100 into the 
liposome suspension. Mter 8 successive injections, the magnitude of the injection heat is 
attenuated. There is a change to exothermic heats after the 101h injection. Figure 18B shows a 
spline function fitted to the titration data (R2 = 0.998). This function provides an estimate of the 
solubilizing detergent concentration and therefore R sol· From the data in figure 18B the detergent 
concentration at which the transition from endothermic to exothermic heats of injection (i .e. 0 J.W) 
occurs is 228 f.LM. Under the experimental conditions, this corresponds to R sat =1.52. 
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Figure 18: The solubilization of egg PC liposomes by TX-100. (A) The heat of injection for the titration 
of detergent micelles into a liposome suspension (750 J..LM phospholipid, 150 mM KCI, 30 mM Tris , pH 
7 .4, 25 °C) . (B) The integrated heat of injection for the titration. The data are fitted to a spline function. 
The detergent concentration at &h; = 0 ~ is the solubilizing concentration, D sol· 
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Figure 19A shows the detergent induced increase in the effective hydrodynamic diameter 
of liposomes as measured by DLS. The data show that the liposomes increase in size in response 
to low concentrations of detergent. The relationship is logarithmic and likely reflects the 
partitioning of the detergent into the lipid bilayer. At higher detergent concentrations, the 
relationship enters an exponential phase. No size reading could be made beyond a concentration 
of 150 J.LM as liposome solubilization was achieved and the average particle size was smaller than 
the 60 nm dust cut-off. This was taken as an end-point for the titration. The initial effective 
hydrodynamic diameter was 110 nm ±1.2. 
R sar and R soL were determined solely from lTC experiments. Converting those molar ratios 
into detergent concentration values D sar and D sot permits comparison of lTC experimental 
landmarks and the DLS results. In figure 19A the saturating concentration of detergent for this 
titration, D sar (61 ~), and the solubilizing concentration D sol (152 J.LM) are noted. It is clear that 
the value for D sot• and therefore Rso~> accurately predicts the point at which liposome solubilization 
occurs . The value predicted for D sar (and therefore R sar) is close to the point at which the diameter 
increase enters an exponential phase. The switch from a logarithmic relationship to an 
exponential one likely reflects the transition from stage one to stage two of liposome 
solubilization (figure 2). However, the data in figure 19A suggest that R sar provides an 
overestimate of the detergent concentration required for the transition from stage one to two. 
Despite the overestimate of the transition between stages one and two, predictions made from the 
lTC experiments correlate well with the DLS measurement, linking the thermodynamic 
parameters to a physical response of the liposome. 
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The DLS measurements indicate that there is a 20% increase in the effective 
hydrodynamic diameter of the liposome in response to detergent treatment. This suggests that the 
liposomes swell to over 130 nm before full solubilization occurs. In addition to a detergent 
induced size increase, vesicle fusion could increase as the detergent to lipid ratio becomes greater 
than R sat· With the partition coefficient measured from lTC experiments, an estimate can be made 
of the number of bound detergent molecules . Together with the cross sectional area of the 
detergent molecule, an approximation the surface area contributed by bound detergent molecules 
can be predicted. If the addition of detergent to the liposome is the only process that increases the 
size of the vesicle then predicted size increase should correlate with the experimental evidence. 
The lack of correlation between experimental and predicted size increases would indicate another 
process is required to account for the experimental evidence. In addition to vesicle fusion, the 
bound detergent molecules themselves may interfere with the hydrodynamic diameter 
measurements. The hydrophilic portion of the amphipathic TX-100 molecule is an extended 
polyethylene oxide chain, with a mean length of 9.5 oxide units. Upon binding of the detergent , 
these chains will extend out from the surface of the liposome into the aqueous phase, modifying 
the biophysical chemistry of the interfacial region and leading to an increase in the effective 
hydrodynamic diameter. 
Predicting the size increase due to detergent treatment requires several simplifying 
assumptions; first, it is assumed that the liposomes are spherical with a 100 run diameter, in order 
to provide the geometric link between lipid concentration, surface area, and size increase. 
Second, K is constant at all detergent concentrations (3.1 x1cf M-1) and the presence of detergent 
does not affect the hydrodynamic diameter. Also, the surface area occupied by a single 
phosphotidylcholine in a lipid bilayer is 0.68 nm2 and the lipid bilayer thickness is 4.4 nm 11 • 
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Lastly, this analysis only accounts for population of the outer leaflet of the liposome by detergent 
and does not take flip-flop processes into account. Under these assumptions, equation 3.6 gives 
the concentration of bound detergent molecules. Therefore, equation 3.10 gives the number of 
detergent molecules bound. 
(3.10) 
Where nob is the number of bound detergent molecules, Db is the concentration of bound 
detergent, Vis the sample volume (2 mL), and Na is Avogadro's number (6.022 x1023 mol-1). In 
order to get the size increase of an individualliposome it is necessary to calculate the number of 
detergent molecules bound per liposome. The experiment uses a lipid concentration of 100 f.JM, 
which is approximately 1.204 xl017 lipid molecules. Calculating the internal and external surface 
area using the assumptions above and a phospholipid surface area of 0.68 nm2, the total number 
of lipids per liposome is 8.463 xl04• Therefore, the total number of liposomes in the sample 
volume is 1.423 xl012 • Using this number of liposomes, an estimate of the number of bound 
detergent molecules per liposome can be calculated. 
Using the HyperChem molecular modeling software, the calculated cross section area of 
TX-100 is 0.225 nm2 • Therefore, using the number of detergent molecules bound at any given 
detergent concentration, the surface area contributed by these detergent molecules is added to the 
initial liposome external surface area. Finally, under the assumption of spherical geometry, the 
surface area increase is converted into a detergent induced increase in vesicle diameter. Figure 
19B shows the results of this analysis. Overall, the model-predicted increase in liposome size 
follows the experimental result, including the sharp rise in response to detergent concentrations 
above Dsat but below Dsot (i.e. Dsat<.D<.Dsot)· This suggests that the physical surface area that the 
bound detergent occupies largely accounts for the observed increase in diameter. In addition, the 
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model predictions suggest that addition of detergent to the external leaflet only is a reasonable 
approximation and that flip-flop does not occur. There are some quantitative discrepancies 
between the experimental results and the predicted increase in vesicle diameter. At lower 
concentrations (D<Dsa1), the predicted size increase is smaller than the experimental result. The 
discrepancy could be due to many of the assumptions above, specifically the negligence of the 
detergent contribution to the Debye length. At detergent concentrations higher than Dsar, the 
predicted values are higher than the experimentally determined values, suggesting that other 
processes could be taking place. The difference could be due to increased flip-flop from the outer 
leaflet to the inner leaflet or blebbing of the mixed detergent-liposome bilayer. Despite some 
quantitative discrepancies between the experimental data and the model predictions, the overall 
magnitude of the detergent induced size increase can be explained through detergent binding, 
supporting the hypothesis set above. 
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Figure 19: Liposome size increase upon detergent treatment. (A) The titration of detergent into a 
liposome suspension increases the effective hydrodynamic diameter of the liposomes. The concentration of 
phospholipid in the liposome suspension is 100 f.LM. D sar and D sol are calculated from R sar and R s01, 
determined from ITC experiments. All data are the average of three independent trials. (B) The liposome 
size increase induced by detergent binding was calculated from K (3 .1 xl03 M· 1) and the cross sectional 
area of a single detergent molecule (0.225 nm2). 
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3.2.5 Liposome permeabilization 
During the first two stages of liposome solubilization by a detergent, lipid bilayer 
permeability can increase. It was hypothesized that increased liposome permeability could be 
measured, before full solubilization, using a fluorescence de-quenching assay. Demonstrating 
detergent induced release of encapsulated molecules provides a chemical experimental model of 
liposome permeabilization. 
Figure 20A shows the chemical structure of the fluorophore ANTS and its quencher 
DPX. Encapsulating both in a liposome provides a system for measuring permeabilization. Upon 
permeabilization of the lipid bilayer, ANTS and DPX leak out of the liposome and the quenching 
effect of DPX is attenuated. Therefore, ANTS fluorescence increases upon permeabilization of 
the liposome. Figure 20B shows the dynamic range of ANTS/DPX liposomes before and after 
complete solubilization by 0.1% TX-100. The fluorescent emission of ANTS peaks at 516 nm 
(360 nm excitation). Figure 20B suggests that the procedure for removal of non-encapsulated 
ANTS/DPX is effective and provides a liposome suspension with a ten fold dynamic range to 
monitor detergent induced lipid bilayer permeability. 
Table 2 compares the thermodynamic parameters for ANTS/DPX loaded liposomes 
against those found above for "blank" liposomes. Encapsulation of the ANTS/DPX pair does 
have a significant effect on the thermodynamic parameters. K increases to 3.89 xl<f M-' 
indicating greater detergent binding, consequently D.Gb increases to -3 xl04 kJ mol-1• The 
thermodynamic analysis suggests that detergent binding to ANTS/DPX loaded liposomes is more 
entropically favorable than that of the "blank" liposomes. The elevated K causes an increase in 
R sar to 0.77. Interestingly, R sot• as determined by lTC and DLS (figure 21), does not change for 
65 
the ANTS/DPX loaded liposomes, remaining at 1.52. Beyond R501 , ANTSIDPX liposomes are 
solubilized and no further DLS readings can be made (figure 21). 
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Figure 20: ANTS/DPX liposomes. (A) The chemical structures of 8-aminonaphthalene-1,3,6-trisulfonic 
acid (ANTS) and p-Xylene-Bis-Pyridinium (DPX). (B) 20 mM ANTS and 40 mM DPX were 
encapsulated in egg PC liposomes in a buffer of 50 mM KCl, 10 mM Tris and 10 mM MES at pH 7.4. Non 
encapsulated material was removed via centrifuge size exclusion column. Addition of 0.1% TX-100 causes 
full lysis and release of ANTS without affecting the quantum yield of the fluorophore. 
67 
Table 2: Thermodynamic Parameters for the binding of TX-100 
K St. Mb St. AGb St. ASb St. (xl04 kJ (x1WM"1) Dev. (kJ mol"1) Dev. 
mol"1) Dev. (kJ mol"
1) Dev. 
Blank 3.10 93 .8 10.6 0 .099 -2.95 1.47 66.9 0.51 
ANTS/ 3.89 92.8 11.5 0.4 -3 5.8 100.2 1.98 DPX 
K is the partition coefficient, tlilb the enthalpy of binding, D..Gb the free energy and D..Sb the entropy for 
TX-100 binding at 25 oc (n = 3) 
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Figure 21: Detergent induced changes in ANTS/DPX liposome size. The titration of detergent into a 
liposome suspension increases the effective hydrodynamic diameter of the liposomes. The concentration of 
phospholipid in the liposome suspension is 100 flM. 
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Figures 22 and 23 show the effect of detergent treatment on liposome permeability using 
the fluorescence de-quenching assay. After collecting a 100 s baseline, the detergent 
concentration was varied to give concentrations of 200 f.LM (figure 22A), 250 J.LM (figure 22B), 
300 f.LM (figure 23A), and 500 J.LM (figure 23B). Measuring fluorescent emission at 516 nrn and 
light scattering at 605 nrn concurrently provides both a measure of liposome permeability and a 
qualitative measure of liposome size. Both scattering and fluorescent emission are normalized to 
initial and final conditions to emphasize the change over time and allow direct comparison. 
Injection of 0.1 % TX100 induced complete liposome solubilization and 100 % release of ANTS, 
providing a maximum intensity for normalizing. Increase in fluorescence emission indicates 
release of ANTS and a dilution of the quenching effect of DPX. An increase in scatter indicates 
an increase in the liposome size, whereas a decrease reflects solubilization of the liposome and 
mixed micelle formation. In terms of the detergent-lipid molar ratio (R) the detergent 
concentrations span stage one and two of liposome permeabilization at 0.5, 0.63, 0.75 and 1.25 
(A-D respectively). In figure 22A (R = 0.5), there is a small increase in both the fluorescence 
emission and scatter upon detergent injection at 100 s. Figure 22B (R = 0.63), shows a gradual 
and more definitive increase in ANTS fluorescence upon detergent treatment. Although there is a 
small increase in scatter upon detergent injection at 100 s, the scatter signal remains constant over 
the next 500 s. Together, the fluorescence and scatter signals suggest that the detergent treated 
liposomes are slowly leaking ANTS and the fluorescence is not the product of liposome 
solubilization. The liposome permeabilization is more significant in figure 23A (R = 0.75). Here, 
the fluorescent signal increases dramatically upon detergent treatment without a corresponding 
drop in scatter. These data supports the argument that the detergent binds to the liposome, 
causing a size increase, and furthermore permeabilizes the lipid bilayer without Iiposomal lysis . 
Further increases in detergent seem to produce more liposome lysis. Figure 23B (R = 1.25) 
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shows a decrease in scatter and an increase in ANTS fluorescent emission upon addition of the 
detergent. This indicates that the increase in ANTS fluorescence is due to solubilization of the 
liposomes by the detergent. 
The data in figures 22 and 23 provide a kinetic analysis of the liposome response to 
detergent treatment and serves as a corollary to the lTC and DLS observations made above. As 
the detergent to lipid molar ratio approached R sot (1.52), liposomallysis occurred allowing release 
of ANTS. However, ANTS release is achieved without full lysis. Molar ratios of detergent to 
lipid near R sar (0.77) but below R sot increased lipid bilayer permeability, allowing release of 
ANTS, without destroying the liposome. If R sar is a true indicator of the transition between the 
first and second stage of liposome solubilization, the data indicate that detergent treatment 
increases liposome permeability in both phases. 
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Figure 22: Detergent induced permeabilization of liposomes and release of ANTS. The detergent 
induced increase in ANTS fluorescence is monitored at 516 nm, using 390 nm excitation (blue line). 
Concurrently, li ght scattering is measured at 605 nm (red line). Detergent is injected after 100 s , the 
minimum of which is taken to be Imin· The effect on permeability is monitored over the next 600 s. Full 
ANTS release is induced after 700 s using TX-100 to give a final detergent concentration of 0.1 %. The 
maximum fluorescent signal is taken to be Imax· The scatter signal is calculated in an analogous manner. 
Detergent concentrations: A = 200 J..LM , and B = 250 J..LM. 
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Figure 23: Detergent induced permeabilization of liposomes and release of ANTS. The detergent 
induced increase in ANTS fluorescence is monitored at 516 nm , using 390 nm excitation (blue line). 
Concurrently , light scattering is measured at 605 nm (red line). Detergent is injected after 100 s, the 
minimum of which is taken to be Imin· The effect on permeability is monitored over the next 600 s. Full 
ANTS release is induced after 700 s using TX-100 to give a final detergent concentration of 0.1 % . The 
maximum fluorescent signal is taken to be Imax- The scatter signal is calculated in an analogous manner. 
Detergent concentrations: A= 300 f.LM and B = 500 f.LM. 
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3.2.6 Mathematical model of liposome permeabilization 
Upon binding of detergent to a lipid bilayer, there are several processes that can occur 
before full solubilization of a liposome. The experimental evidence above suggests that detergent 
treatment can increase liposome permeability without fully destroying the lipid bilayer. To 
examine this process a mathematical model of liposome permeabilization is described. This 
semi-empirical approach rationalizes the experimental evidence above to provide insight into the 
process of permeabilization. 
The mathematical model uses principles from the random walk theory of diffusion to 
address release of ANTS from the liposome. Under this paradigm, a molecule moves from one 
point to another in discrete jumps or steps, with only complete steps considered. The distance 
traversed by a specific molecule is the mean free path length (A.). Assuming ideality, A. is 
calculated from the velocity of the molecule (c) divided by the number of collisions (z). c is 
calculated according to equation 3.1159 • 
C=~= (3.11) 
In equation 3.11, R is the gas constant, Tis the absolute temperature, and MW is the molecular 
weight of the molecule. z is calculated according to equation 3.1259 . 
c 2 /RT 
z = 4-v.n-ca "'JMW" (3 .12) 
In equation 3.12, cis the concentration of the molecule, o is the diameter of the molecule, R is the 
gas constant, T is the absolute temperature, and MW is the molecular weight of the molecule. 
The rate (k) at which the jumps, of distance A., can be made is dependent on the free energy 
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barrier D.G* according to equation 3.13, where k8 is the Boltzmann constant, and h is Planck's 
constant59 • 
(-llG•) k = ).kBT e liT 
h 
(3.13) 
Using the mean free path length and the jump rate, a flux equation can be written to describe the 
transport of ANTS across the lipid bilayer. The transport of ANTS is modeled as a two state 
system, i.e. ANTS is found either inside or outside the liposome. Using equations 3.11 and 3.12 
it was determined that the mean free path of ANTS is 4.68 nrn, indicating that a single jump is 
sufficient to traverse the 4.4. nm lipid bilayer and supporting the simple two state approach. A 
flux equation determines the transport between the two states. In order to complete a jump and 
traverse the lipid bilayer, the ANTS molecule has to overcome the free energy barrier D.G* as 
suggested by equation 3.13. Equation 3.14 defines a general flux equation to describe the 
transport in this two state system60. 
(3.14) 
In equation 3.14, J is the flux, I!J.G*Fonvard describes the energy required to move from inside the 
liposome to outside, I!J.G*Backward describes the reverse process, ci is the internal concentration of 
the solute, and C0 is its external concentration. Under the initial conditions, the ANTS 
concentration is 20 mM and 0 mM internally and externally, respectively. Therefore, initially, 
only transport in the "forward" direction is considered. Subsequently, the impact of I!J.G*Badward on 
the calculation is negligible as the concentration gradient favors transport out of the liposome. 
Using a transition state energy simplifies the modeling process60 • The model is independent of 
the biophysical processes or of the structure at the lipid bilayer that facilitates ANTS transport. 
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Instead, the model has a thermodynamic basis using information from the experimental evidence 
above. 
The modeling approach employed here also uses a flow coordinate, removing the need to 
consider three dimensional transport60 . Changes inC; and C0 with respect to time (t) are given by 
equations 3.15 and 3.16 respectively. 
dc;(t) = c;(t- dt)- Jdt 
dco(t) = co(t- dt) + Jdt 
(3 .15) 
(3.16) 
Two time dependent detergent injections modulate the flux equation, facilitating release of the 
liposome encapsulated ANTS. In the simulation, a time dependent logic statement controls the 
addition of detergent. Initially, the concentration of detergent is zero. At 100 s, detergent is 
added to give a specific concentration. The change in ANTS transport is monitored for 600 sand 
then a second detergent injection (at t=700s) causes full release of the ANTS . Under this time 
course of events, the simulated data replicates that of the experiments in figure 22. Furthermore, 
the initial and final conditions of the simulation can be used to provide a measurement of percent 
release similar that used in figure 22. It was hypothesized that the number of detergent molecules 
bound in the lipid bilayer was inversely related to l:lGt Forward according to equation 3.17. 
(3.17) 
nob is the number of detergent molecules bound per liposome and A is a correction factor. In 
order to estimate the number of bound detergent molecules, an analogous process to equation 
3.10 is used (the partition coefficient for ANTS/DPX loaded liposomes is 3.89 xl<f M-1). An A 
value of 3 .5 is found to provide results closest to the experimental results. 
Figure 24A shows the simulation results for seven different detergent concentrations 
from 340 ~ (1, figure 24A) to 420 ~ (7, figure 24A). The data show that upon detergent 
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injection at 100 s ANTS flux increases. The rate of ANTS transport is dependent on the detergent 
concentration and therefore on the number of bound detergent molecules. At 360 ~ of 
detergent, there is a slow release of ANTS, similar to that shown in figure 9B. Increasing the 
detergent concentration (conditions 3, 4, and 5) gives a more pronounced logarithmic 
relationship. At the highest detergent concentrations, the first detergent injection allows full 
release of the ANTS. 
Figure 24B compares the predicted percent release at t=150 s to the experimentally 
determined values. The correlation between the experimental and model results is poor. The 
model predicts a sharp rise in ANTS release when R is approximately one and a very narrow 
window of R-values before full release. Experimentally, as shown in figures 23 and 23, liposome 
permeability increases at lower R-values than the model predicts. Although topologically the 
model shares features with the experimental results, the data in figure 24 do not support the 
hypothesis set above. It is clear that !1G* Fon vard is inversely related to a function of nnb ; however 
the precise nature of this relationship is beyond the scope of the model. 
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Figure 24: Model predicted permeabilization and release of ANTS. (A) Simulated release of ANTS 
from detergent treated li posomes at different concentrations ofTX-100 (1 = 340 f.LM, 2 = 360 f.LM , 3 = 380 
f.LM, 4 = 390 f.LM, 5 = 395 f.LM, 6 = 400 f.LM, and 7 = 420 f.LM). (B) Comparison of experimental (red 
squares) and predicted release (black circles) of ANTS at t = 150 s. 
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3.3 Discussion 
The investigation of the proposed photochemical mechanism for the release of liposome-
encapsulated molecules requires an understanding of the chemical processes that induce lipid 
bilayer permeability and facilitate release. In this chapter, a chemically tractable model system 
has been established to examine lipid bilayer permeability. 
The TX-100 CMC measured via lTC (198 j.JM) is close to the literature reported values 
of 230 j.JM45•54 • The difference between the literature and experimental values could indicate an 
effect of the experimental conditions on the CMC. Alternatively, small deviations in the CMC 
from literature reported values could be a product of the curve-fitting process. In either case, the 
CMC is most useful to indicate the aggregation state of a detergent solution (monomer vs . 
micellar), in further titration experiments. The thermodynamic measurements of K (3.1 x1<f M-1) 
and !:l.Hb (10.6 kJ mol-1) for the binding of TX-100 to "blank" egg PC liposomes are in good 
agreement with the literature reported values45 • The heats of injection in figure 17 demonstrate a 
saturating or logarithmic relationship with increasing detergent concentration, as would be 
expected from the adsorption type model used to analyze the partitioning. The data suggest that 
the liposomes are still in the first stage of the solubilization process (figure 15). 
The value of Rsar (0.613) estimated from the product of K and the CMC, also agrees with 
previous reports . If the estimate of Rsar is correct, it indicates that the liposome is saturated when 
over half the bilayer is composed of detergent. At this point, it is unlikely that the insertion of 
detergent into the detergent saturated bilayer has the same thermodynamic parameters as the 
initial, detergent free case. It is assumed that detergent binding is independent of detergent 
already present in the lipid bilayer and that the composition of the binding sites remains the same 
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throughout the titration. Once a lipid bilayer is near Rsat• phase separation might occur with the 
detergent forming distinct clusters. Detergent "raft-like" structures have been investigated 
previously52 and complicate quantitative analysis of lipid-detergent interactions near Rsat· 
However, the use of egg PC liposomes with heterogeneous lipid composition may provide some 
protection against such structures. Despite this assertion, it is likely that the thermodynamic 
parameters stated in table 1 describe the first of the three stages of liposome solubilization. Even 
with this limitation, and under several large assumptions, a reasonable prediction of liposome size 
increase can be made using K up to Dsot (figure 19). 
Encapsulation of the ANTS/DPX pair changes the thermodynamic parameters for 
detergent binding. K increased to 3.89 x1<r M-1 and I:!.Hb to 11.5 kJ mol-1• I:!.S increased for the 
binding of detergent to ANTS/DPX liposomes, compared to the "blank" control. Liposome 
encapsulated NaCl, sucrose, urea, and Ca2+ affect the lipid bilayer61-63. Here, the effect of solute 
encapsulation on detergent binding thermodynamics has been quantified. The elevated K value 
leads to a higher !:1Gb and subsequently I:!.Sb. In keeping with previous findings, these data 
underline the fact that the lipid bilayer is a dynamic and responsive biological entity. 
Encapsulation of a solute within a liposome has an effect on the external biophysical chemistry of 
the lipid bilayer. 
The data in figure 22 demonstrate that TX-100 can increase liposome permeability. At 
values of R around Rsat and less than Rsot• liposome permeability was increased, facilitating flux of 
encapsulated tracer molecules without destroying liposomes. Detergent induced permeabilization 
has previously been shown using PC liposomes and TX-100. The data presented here agree with 
previous findings that detergent induced release of liposome-encapsulated molecules occurs at 
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non-solubilizing R values64• Therefore, the detergent permits the escape of liposome-
encapsulated molecules. 
The mathematical model developed here provides a description of liposome 
permeabilization based on thermodynamic parameters. Irrespective of the biophysical process 
that the detergent induces at the lipid bilayer the mathematical model provides some similarity to 
the experimentally determined values. As the detergent concentration increases the release of 
ANTS increases in both the experimental and model data. The range of R values over which the 
detergent induces permeabilization is very narrow in the model predictions (0.95-1.1). However, 
experimental evidence indicates that permeabilization begins to occur at R = 0.65 . The model 
predictions rely on K for all R values and !:1G* Fon vard being inversely proportional to the number of 
bound detergent molecules. 
The discrepancy between the model predictions and the experimental data could be due 
to these assumptions . The assumption of a constant K over all values of R is perhaps 
questionable, as described above. In addition, the number of bound detergent molecules alone 
does not describe the disruption caused to the lipid bilayer that permits release. It is clear 
however that ANTS release is a function of n Db· The precise effect of a detergent on a lipid 
bilayer is determined by the chemical structure of the detergent, the encapsulated material and the 
phospholipid and acyl composition of the bilayer48 • Therefore, using a reduction in !lOt Fonvard as a 
proxy for the detergent effect, while useful, is simplistic. The predictive power of the model may 
be improved by considering a different relationship between detergent binding and !:!..G* Fonvard· 
Many attempts have been made to model the effects of detergents on lipid bilayers; the most 
successful approaches examine the mechanical effects of detergents on liposomes, surface 
81 
tension, or membrane elasticity. Henriksen et. al.48 use the Helfrich energy functional (Hbend)65 to 
describe mesoscopic and macroscopic conformational properties (equation 18). 
(3.18) 
In equation 19, y is the surface tension, SA is the membrane surface area, C is the mean 
curvature, and x. is the membrane bending rigidity. Co is the spontaneous membrane curvature 
due to (1) the differences in the lipid composition of the inner and outer membrane leaflets or (2) 
differences in the solvent composition of the internal and external aqueous phase. Hbend requires 
experimental parameters but would provide a useful addition to the model. 
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3.4 Conclusions 
The data presented in this chapter provide an analysis of the effects of a detergent on egg 
PC liposomes. Measuring the thermodynamics of binding and size of the liposome has allowed 
an understanding of the processes that occur upon detergent binding. Furthermore, the 
experimental data show that liposome permeability increases, allowing release of encapsulated 
molecules . This process does not require complete solubilization of the liposomes. In terms of 
the proposed photochemical mechanism, this finding is very important. The data suggest that 
photochemical mechanism does not have to destroy the liposome in order release the 
encapsulated molecules. Inducing membrane damage and defects to initiate flux with the 
photodynamic action mechanism proposed is far more likely. The data in this chapter also 
present quantitative methods, tools, and assays for the characterization of liposomal release and 
the study of the photochemical mechanism. The mathematical model developed in this chapter 
provides a way of organizing and analyzing the data to understand the mechanism of detergent 
action. However in order to improve the mathematical model, far more rigorous experimental 
approaches are required to understand the processes induced by the detergent at the lipid bilayer. 
This will provide a more complete set of mechanistic terms on which to build a model of 
liposome permeabilization. However, this line of investigation does not fully address the 
overarching question of this study: can a system be designed for the controlled, in vivo, photo-
activation of a bioactive molecule? The technical and quantitative methods herein described are 
now be applied to investigation of the proposed photochemical mechanism. 
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CHAPTER 4: THE PHOTOPHYSICAL PROPERTIES OF ALUMINUM 
PHTHALOCYANINE DISULFONIC ACID IN AQUEOUS AND LIPID BOUND 
STATES 
4.1 Introduction 
The proposed photochemical mechanism for the photo-induced release of liposome 
encapsulated molecules uses the photosensitizer AlPcS2 • Under the hypothetical mechanism 
(figure 8, page 22), AlPcS2 produces 10 2 via type II photodynamic action. The 10 2 then reacts 
with the unsaturated fatty acids of the lipid bilayer to increase permeability and facilitate flux of 
the encapsulated molecules. In order for the mechanism to function effectively, AlPcS2 needs to 
be bound to the lipid bilayer, and its interactions with phospholipids characterized. In this 
chapter, the adsorption of AlPcS2 to the liposome surface is described, and then mathematical 
models are used to aid the characterization of the chemical environment of liposome adsorbed 
AlPcS2 • 
The Langmuir isotherm describes the adsorption of molecules to a surface. Given by 
equation 4.1, it is one of the simplest adsorption isotherms66: 
8=~ (4.1) 
l+Kc 
In equation 4.1, () describes the fraction of adsorption sites occupied at equilibrium. K is the 
Langmuir equilibrium constant and c is the molar concentration. The original derivation of the 
Langmuir isotherm uses partial pressure, not concentration in calculating adsorption. There are 
four implicit assumptions made when using the Langmuir adsorption isotherm: (1) the surface is 
homogeneous, in that all the adsorption sites are equivalent, (2) the adsorbed molecules do not 
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interact, (3) all adsorption occurs through the same mechanism, and (4) at maximum adsorption, 
only a monolayer is formed. The Langmuir isotherm describes the adsorption of porphyrinoid 
molecules to liposome surfaces67 . AlPcS2 , in addition to having a porphyrinoid structure, also has 
negatively charged sulfonic acid groups . Interaction of these sulfonic acid groups would violate 
an assumption of the Langmuir equation. The Frumkin isotherm (equation 4.2) accounts for 
interaction of adsorbed molecules, and therefore has fewer implicit assumptions68 . 
{J 
--r; 
Kc = 8+ e koT (4.2) 
The o term is the interaction parameter, k8 the Boltzmann constant (8.314 J K' mol-') and Tthe 
absolute temperature (Kelvin). A positive value for o indicates that there is a repulsive force 
between the AlPcS2 molecules. A negative value foro indicates an attractive force. If o is zero 
then the Frumkin isotherm simplifies to the Langmuir equation. Establishing and characterizing a 
model of AlPcS2 adsorption to the lipid bilayer will provide quantitative analysis of AlPcS2-
phospholipid association. 
The chemical environment of liposome adsorbed AlPcS2 is different from that of the 
purely aqueous condition. The polarity of the dielectric medium surrounding a fluorophore, 
affects the fluorescence emission spectrum69"70 . Blue shifts in the fluorescence emission of 
liposome adsorbed porphyrinoid molecules, compared to aqueous spectra, have been observed67 • 
Such a solvent dependent chromic shift in the absorption or emission maxima for a given 
fluorophore is termed solvatochromism. There are two types of solvatochromism: (1) A blue 
shift in fluorescence emission as the solvent polarity increases indicates stabilization of the 
fluorophore ground state (figure 25A) . Stabilizing the ground state, relative to the excited state of 
a fluorophore, results in emission of a higher energy photon. Such shifts are termed 
hypsochromic or negative solvatochromism. (2) Conversely, red chromic shifts in the 
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fluorescence emission of a fluorophore upon an increase solvent polarity indicate a stabilization 
of the excited state (figure 25B). These shifts are termed bathochromic or positive 
solvatochromism5 • Studying the solvatochromic shifts of AlPcS2 will provide information on the 
environment surrounding the liposome-adsorbed photosensitizer. 
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Figure 25: Solvatochromic shifts result from differential stabilization of fluorophore energetic states. 
(A) Negative solvatochromism occurs when the ground state is stabilized, relative to the excited state of a 
fluorophore, with increasing solvent polarity. These are blue or hypsochromic shifts. (B) Positive 
solvatochromism occurs when the excited state is stabilized, relative to the ground state, with increasing 
solvent polarity. These are red, or bathochromic shifts . 
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The Lippert equation describes the relationship between solvent polarity and the solvatochromic 
response of a fluorophore71- 73 • The relationship is dependent on the use of a reaction field (figure 
26). The reaction field describes the electrical field that acts on a fluorophore due to the 
perturbation of the dielectric medium because of the presence of the fluorophore itself4 • Onsager 
developed the first reaction field75 • Together the reaction field and the Lippert equation describe 
the relationship between a solvatochromic shift and the solvent polarity in terms of the relative 
permittivity and the refractive index of the solvene0•73 • 
As shown in figure 27A (page 8, page 93), the reaction field changes in response to 
absorption and emission events as the dipole moment of the fluorophore changes. The following 
derivation of the Lippert equation uses these changes in the reaction field to model the 
photophysical cycle of absorption and emission due to solvent polarity (figure 27B). The electric 
dipole moment of the fluorophore ground state (mg) is dependent on the ground state permanent 
dipole moment (pg) plus the reaction field (Rg) , modified by the polarizability of the fluorophore 
ground state ( ag). 
Rg is the electrical field that results from the electrical displacement of the dielectric induced by 
the presence of the fluorophore dipole moment (pg) itself. Therefore, Rg is a function of m/ 5 . 
co is the vacuum permittivity, c, is the relative dielectric permittivity of the solvent, and r eif is the 
effective radius of the fluorophore. Equation 4.5 gives an expression for the fluorophore ground 
state Rg, allowing for polarizability. 
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Figure 26: The Reaction Field is the electrical field that acts on a fluorophore due to the perturbation 
of the dielectric medium by the fluorophore itself. In the gaseous phase, the electric dipole moment of a 
fluorophore produces an electrical field (dotted lines). In solution, the electric dipoles of the solvent 
molecules align according to the electrical field lines produced the fluorophore dipole. Heat antagonizes 
this process. Solvents without an electric dipole moment have one induced by the fluorophore dipole. The 
reaction field is the product of electrical superposition of the oriented solvent dipole fields. The resulting 
reaction field is directly coupled to the fluorophore's electrical dipole moment and has the same 
directionality. Adapted from Liptay74 • 
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The total dipole moment in the ground state is: 
m = Pc (4.6) 
8 1- a 8f 
The energy of p8 in its own reaction field is given by: 
Equation 4.8 includes both the work done in polarizing the dielectric and the energy of the 
fluorophore dipole in the reaction field. 
Equation 4.8 provides a description of the fluorophore ground state and the energy of the ground 
state. 
Absorption of photonic energy increases the size of the electric dipole moment and the 
fluorophore enters an excited state. Photon absorption occurs on the w-'5 s timescale4 • 
Compared to nuclear motions, the timescale of photon absorption, and therefore electronic 
transitions, is nearly instantaneous. Upon absorption of a photon, the fluorophore enters the 
Frank-Condon (FC) excited state. The FC state is a discrete state that has resonance with the 
nuclear positions and vibrational momenta of the equilibrium ground state. As in equation 4.3, 
the total electric dipole moment of the fluorophore in the FC excited state (m.) is a function of the 
permanent dipole moment (p.), the FC state reaction field (R:c), and the polarizability (a.). 
RFC me= Pe + ae e (4.9) 
p. increases in the excited state (figure 27A) . A relative dielectric permittivity coo = n2 , where n is 
the solvent refractive index, captures the immediate solvent response to increased p •. As shown 
in figure 27B, the reaction field at each point in the photophysical cycle is actually the sum of two 
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vector components; the electrical and an orientational. Therefore, R:c is the sum of the electric 
component (R:1), and the orientation component R;r. The time taken for the solvent to re-orient 
in response toPe is orders of magnitude larger than photon absorption4 • Therefore, the orientation 
component of R:c is the same as that in the ground state, R;'. Equation 4.10 describes the 
electrical component ( R:1) of the induced reaction field. 
(4.10) 
Equation 4.11 re-expresses R:1 in terms of R;r and includes the polarizability of the fluorophore: 
R el = J' (P + a R or ) 
e 1- a ef' e e g ( 4.11) 
Using this expression, R:c becomes: 
! ' +Ror R FC = R el + R or = P e g 
e e g 1-aef' (4.12) 
The difference between R8 and the electrical component, R;
1
, is equal to R;r. R;1 is equal to 
j'm8 in analogy to equation 4.10 giving equation 4.13. 
(4.13) 
This allows a new expression for R:c. 
(4.14) 
From equations 4.9 and 4.14, me becomes: 
( 4.15) 
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Figure 27: Upon excitation and emission the solvent must undergo rearrangements to accommodate 
the change in the fluorophore dipole moment. (A) Photon absorption increases the electric dipole 
moment of the fluorophore . Solvent rearrangement is slow compared to photon absorption (10.15 s), and in 
the initial Franck-Condon excited state the solvent has the same organization. The solvent relaxes, and the 
fluorophore reaches an excited equilibrium state. Fluorescent emission occurs from an equilibrium state to 
a Franck-Condon ground state. (B) The absorption-emission photophysical cycle written in the reaction 
field formalism. 
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The FC state is not an equilibrium state and this precludes the use of an analogy to 
equation 4.7. Instead, the work done in polarizing the dielectric (+Y2m.R) and the energy of the 
dipole in the reaction field ( -p.R- lt2a2R2) are evaluated independently. Therefore, the energy of 
the fluorophore in the FC excited state (WFc.) is: 
1 1 1 I 
1
2 W FC =-m •Ror +-m •R•I-p •RFC --a RFC 
e 2 g g 2 e e e e 2 ee 
(4.16) 
With the exception of R•1• = f 'm., identities for the reaction fields and total dipole moments used 
in equation 4.16 have been given above. Equation 4.17 describes w Fc. upon substitution and 
rearrangement. If the polarizability of the ground state and the excited state are equal , then 
further simplifications ensue (i.e. a8 = a.). 
Fe 1 1 ( 'I l2 2(/- f') 1-a. f (/ ')I 12) 
W. = -21-a.f' f Pe + l-ag Pe •pg- (1-agft - f Pg ( 4.17) 
Interaction of the dipole with the solvent induces a shift in the wavenumber of the absorption 
band ( va). This shift is due to a change in the energy of the fluorophore in the ground (W8) and 
FC state (WFc.). 
(4.18) 
h is Planck's constant, and c is the speed of light in vacuo. Using equations 4.8 and 4.17, 
assuming the polarizability of the ground state and the excited state are equal, equation 4.18 is re-
written as: 
(4.19) 
Using explicit substitutions from equations 4.4 and 4.10, equation 4.19 can be re-written 
in the form of equation 4.20. Equation 4.20 also includes the term fD to consider the dispersion 
forces between the fluorophore and the surrounding solvent. 
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1- 3 j(E,) 4.n-E r 0 elf 
f(n 2) (Pe - Pg) • Pg 
1- a 3 f(n2) 4.n-Eor~ 
4.n-Eoreff 
(4.20) 
Equation 4 .20 describes the change in its absorption peak for a fluorophore due to the 
polarity of the solvent as described by the relative permittivity and refractive index. In order to 
complete the photophysical cycle for a fluorophore , emission from the excited state and return to 
the ground state is considered next. Relaxation of the solvent during the excited state lifetime of 
the fluorophore means that emission occurs from an equilibrium state to a Franck-Condon ground 
state (figure 27)4 . Equation 4.21 describes the solvent dependent shift in fluorescence emission in 
a similar fashion as the absorption shift in equation 4.19. 
hcl:1v -- --- - • - 2 - - D ' ( f !' ) 1 !' ( 2) f- 1-aj 1-aj' (Pe Pg) Pe 21-aj' !Pel IPgl IJ (4.21) 
Expressed in terms of solvent properties this becomes: 
f(n 2) (Pe- Pg) • P. 
1 a 3 f(n2) 4.n-Eor~ 
4.n-Eoreff 
(4.22) 
The difference between the absorption and fluorescence emission frequencies is the Stokes shift. 
Consideration of the Stokes shift , instead of the absorption or emission independently , simplifies 
equations 4.20 and 4.22. 
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(4.23) 
Similarly, the sum of the absorption and emission frequencies simplifies equations 4.20 and 4.22. 
(4.24) 
Equations 4.23 and 4.24 provide methods of analyzing the solvatochromic shifts of any given 
fluorophore using explicit solvent properties. Furthermore, comparison of the frequency sum 
method to the Stokes shift equation allows evaluation of the role of dispersion forces in the 
solvatochromic shift. Both of these equations take into account the polarizability of the 
fluorophore, leading to a modified version of the Lippert equation. Including the polarizability of 
the fluorophore improves the performance of the derived models70•73 • 
The mathematical model derived provides a method to estimate the polarity of any 
chemical environment, such as the lipid bilayer, given the solvatochromic shift induced upon 
binding of a lipophilic fluorophore. The modified Lippert equation derived above provides a 
prediction of environment polarity in terms of the solvent relative permittivity or refractive index. 
However, in order to estimate the location of AlPcS2 in the lipid bilayer, the measures of solvent 
polarity need to correlate with a distance. Primer and colleagues have developed a "molecular 
ruler" using the Dimroth-Reichardt (By. (30)) solvent polarity scale (figure 28, page 98f6-78 • The 
result of this technique correlates the Er (30) values with a nanometer scale depth from the 
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phospholipid-water interface, providing a time-averaged, lipid bilayer location for any given 
lipophilic fluorophore. The technique is dependent on the polarity profile of the lipid bilayer. 
The highest polarity corresponds to water (264.2 kJ mol-1) beyond the phospholipid-water 
interface. The lowest polarity is most similar to hexane (129 kJ mol-1) deep in the acyl chain 
region of the lipid bilayer. Therefore, lipid bilayer intercalants experience different solvent 
polarities depending on their location in the lipid bilayer. The method has been validated against 
NMR data and is in close agreement with literature reported values for curcumin, resorufin, 5-
(hexadecanoyl)aminofluorescein (HDAF), and 2,7-dichlorofluorescein (DCFf9 . The result of 
this analysis is a time-averaged location for a fluorophore in a lipid bilayer. 
Following this line of investigation will provide information on the interactions the 
photosensitizer and lipid bilayers. Adsorption models will provide quantitative information on 
the number of photosensitizer molecules on the liposome surface. Systematic testing of 
adsorption models will give information on the biophysical chemistry of the AlPcS2-liposome 
system. The analysis of AlPcS2 solvatochromism will characterize the chemical environment of 
the photosensitizer in the liposome-adsorbed state. Additionally, the reaction field models will 
yield information on the nature of the fluorophore's coupling to the medium surrounding it. 
Finally, the models of AlPcS2 solvatochromism identify a time average location of the 
photosensitizer in the lipid bilayer. 
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Figure 28: The "molecular ruler" converts solvent polarity measured on the ET (30) scale to a lipid 
bilayer nanometer scale depth. The "molecular ruler" describes the polarity profile of the lipid bilayer 
using the Er (30) solvent polarity scale. The highest polarity is nearest to that of water (264.2 kJ mol-1) at 
the phospholipid-water interface. The lowest polarity is most similar to hexane (129 kJ mol-1) deep in the 
acyl chain region of the lipid bilayer. The polarity profile has been correlated with a nanometer scale 
distance from the water-phospholipid interface to measure the depth to which a fluorophore intercalates 
into the lipid bilayer. The relationship between the Er (30) scale and the distance is not linear. Adapted 
from Cohen et. az78 . 
98 
4.2 Results 
4.2.1 The photophysical properties of AIPcS2 
Figure 29 shows the absorption and emission spectra of AlPcS2 under aqueous 
conditions. The photosensitizer absorbs maximally at 670 nm. From the absorption data, the 
extinction co-efficient for AlPcS2 is 1.92 x105 M-1 cm-1• Figure 29 shows that under aqueous 
conditions, the fluorescent emission of AlPcS2 peaks at 685 nm. The fluorescence excitation and 
emission spectra are sensitive to changes in state of the molecule, including aggregation. Figure 
30 (page 101) shows the concentration dependence of the excitation and emission spectra of 
AlPcS2 • Figure 30A shows excitation spectra collected at different concentrations of AlPcS2 , 
measuring fluorescence emission at 685 nm. At 0.5 ~.the excitation spectrum is similar to the 
absorption spectrum shown in figure 29 with a peak at 670 nm. Upon increasing the 
concentration to 1 ~the intensity increases and the 670 nm peak is maintained but the increase 
in intensity is not directly proportional to the concentration. At 5 ~.although the 670 nm peak 
is maintained, the intensity is lower. The 5 ~peak is also broader than the 1 1-1M condition. By 
10 f.LM AlPcS2 the single 670 nm peak has been replaced by multiple peaks, one at 659 nm and 
another at 681 nm. Figure 30B shows the effect of AlPcS2 concentration on the fluorescent 
emission spectrum. At 0.5 ~and 1 J.tM, the emission peak is at 685 nm. Similar to the trend 
noted in the excitation spectra, the increase in emission intensity between 0.5 ~and 1 1-1M is not 
directly proportional. Increasing the concentration to 5 ~ or 10 ~. decreases the emission 
intensity and is indicative of self-quenching. The concentration dependence of the AlPcS2 
excitation and emission spectrum indicates that the photosensitizer self-quenches in this 
concentration range. 
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Figure 29: The absorption and emission spectra of AIPcS2 under aqueous conditions. 
The absorption spectrum of AlPcS2 (solid line), peaks at 670 nm with a molar extinction coefficient of 1.92 
x10S M-1 cm·1• The emission spectrum of AIPcS2 peaks at 685 nm (605 nm excitation was used). Both 
spectra were measured under aqueous conditions at 20 oc (0.5 ~M AlPcS2 , 100 mM KCI, 10 mM Tris and 
pH 7.4). 
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Figure 30: AlPcS2 aggregates in solution. (A) The excitation spectrum of AIPcS2 (emission measured at 
685 nm), indicates a concentration dependent change of the fluorophore . This suggests that the 
photosensitizer aggregates at concentrations higher than 1 J.LM. (B) The emission spectrum of AIPcS2 
(excitation at 605 nm) suggests that aggregation of the photosensitizer leads to a concentration dependent 
quenching of the photosensitizer emission. All spectra were measured under aqueous conditions at 20 oc 
(100 mM KCI, 10 mM Tris and pH 7.4). 
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4.2.2 AlPcS2 adsorbs to liposomes 
For the photo-induced release of liposome-encapsulated molecules, the photosensitizer 
must produce 10 2 for the oxidation of the lipid bilayer wich increases the lipid bilayer 
permeability, allowing release. The lifetime of 10 2 under aqueous conditions is between 10-6 and 
10-3 s28.39•80• As 10 2 is short-lived in aqueous conditions the photosensitizer and the unsaturated 
phospholipid substrate must be close to one another. AlPcS2 is an amphipathic molecule whose 
hydrophobic moieties would facilitate adsorption of the photosensitizer to a lipid bilayer. 
As shown in figure 31A in the presence liposomes, the emission intensity of AlPcS2 
increases and undergoes a blue shift. Upon titration of 1 ~ of AlPcS2 with lipid, the 
fluorescence emission peaks at 679 nm. Correlating the fluorescence intensity at 679 nm (F) with 
the intensity at the same wavelength in the absence of lipid (F0) provides a measure of AlPcS2 
adsorption to the lipid bilayer67 • Figure 31B shows the sigmoid relationship between this measure 
of adsorption and the log of the lipid concentration. Using F-F0 as a measure of adsorption, 
equation 4.1 can be re-written in the form of equation 4.25. 
(}= F-F0 = K[L] 
Fmax- F0 1 + K[L] 
(4.25) 
In equation 4.25 , Fmax is the maximum amount adsorbed at an infinite concentration. K is the 
Langmuir equilibrium constant and [L] is the molar phospholipid concentration. Equation 4.25 
can be re-written to give a linear relationship (equation 4.26). 
(4.26) 
If the Langmuir isotherm and its implicit assumptions describe the adsorption of AlPcS2 to the 
liposome surface, then equation 4.26 should satisfy all data points . Figure 32A (page 106) shows 
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that the data are not linear. At high lipid concentrations, there is a linear relationship. However, 
at lower lipid concentrations, there is a significant departure from linearity. The line of best fit 
through the four highest lipid concentrations (R2=0.999) gives an Fmax-Fo of 161.3, and a K of 3.1 
Xl04 M-1• From figure 31B, it is clear that an Fnuvc-Fo of 161.3 is a reasonable estimate. The 
value of K is also in agreement with literature reported values for the adsorption of porphyrinoid 
molecules to liposome surfaces67 • Whilst the Langmuir adsorption isotherm does have clear 
utility, it does not satisfy all data points. Inclusion of further data points reduces the strength of 
the linear fit (R2=0.977 for the highest five phospholipid concentrations). Overall, figure 32A 
suggests that the Langmuir isotherm is not a good model for the adsorption of AlPcS2 to the 
liposome surface. 
Of the four implicit assumptions of the Langmuir adsorption isotherm, it is unlikely that 
the ligand molecules do not interact in this case. It was hypothesized that the negatively charged 
sulfonic acid groups on AlPcS2 would interact to give the observed behavior. It is possible to 
account for these interactions using the Frumkin isotherm (equation 4.27). 
/j (F- F.) --(F-Fo) K[L] = o e k8 T 
(Fmax- F0 )- (F- F0 ) 
(4.27) 
In the Frumkin adsorption isotherm, the exponential term accounts for the interaction of AlPcS2 • 
Equation 4.28 is the linear form of the Frumkin isotherm. 
(4.28) 
With K and o unknown in this linear relationship, it is necessary to independently estimate the 
value of Fmax-F0 • The value of Fmax-F0 provided by the Langmuir adsorption isotherm is 161.3, 
and is in reasonable agreement with the experimental values in figure 31B . Using the Langmuir 
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derived value for Fmax-F0 the Frumkin isotherm provides a linear relationship over the entire 
data range (figure 32B). The line of best fit (R2=0.984) provides a o value of 7.38 x10-2 kJ mol-1 , 
indicating that AlPcS2 molecules interact and repel one another. The value of K[L] was found to 
be 17.05. 
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Figure 31: AIPcS2 adsorbs to the surface of egg phosphatidylcholine liposomes. (A) fluorescence 
emission of I j.!M AlPcS2 titrated with egg phosphatidylcholine liposomes . The emission spectrum 
(excitation at 605 nm) undergoes a blue shift, peaking at 679 nm and a lipid concentration dependent 
increase in intensity. The results are triplicates of independent liposome suspensions . (B) The baseline 
corrected fluorescence emission intensity at 679 nm (F-F0) provides a measure of adsorption (average ± 
Standard deviation, n=3). 
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Figure 32: The Frumkin isotherm describes the adsorption of AIPcS2 to egg phosphatidylcholine 
liposomes. (A) The adsorption of AlPcS2 to the liposome surface deviates from the Langmuir adsorption 
model. F-F0 is the fluorescence intensity at 679 nm, corrected for the intensity at the same wavelength in 
the absence of lipid. [L] is the molar concentration of lipid, (n=3, plotted as average± Standard deviation). 
(B) The Frumkin isotherm accounts for the interaction of adsorbed AlPcS2 and provides a linear 
relationship over the entire data range. Fmax-Fo is the maximum increase in fluorescence intensity at infinite 
concentration of lipid (n=3 , plotted as average± Standard deviation) . 
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Figure 33: AIPcS2 fluorescence emission undergoes a hypsochromic shift upon adsorption to the 
liposome surface. The emission spectrum of AIPcS2 under aqueous conditions (solid line) peaks at 685 
nm (excitation at 605 nm). Upon the addition of liposomes (dashed line), the emission spectrum undergoes 
a blue shift and peaks at 679 nm. 
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4.2.3 The solvatochromic shifts of AlPcS2 
A complete characterization AlPcSz-lipid bilayer interaction requires information on 
where AlPcS2 is located in the lipid bilayer. Figure 33 shows the hypsochromic shift in AlPcS2 
emission upon adsorption to the liposome surface. This is a solvatochromic shift, corresponding 
to a change in the polarity of the dielectric medium surround AlPcS2 . Hypothetically, the shift 
provides information on the polarity of the environment surrounding adsorbed AlPcS2, and a 
location for the photosensitizer in the lipid bilayer. 
Table 3 (page 110) records the absorption ( va) and emission ( v1 ) peak frequencies for 
AlPcS2 in seven solvents of differing polarities. Relative solvent permittivity (c) and refractive 
index (n) describe the solvent polarity. The data shows that AlPcS2 undergoes a red shift with 
increasing solvent polarity . The magnitude of the solvatochromic shift is small. However, there 
is a significant correlation between the Stokes shift and the solvent relative permittivity (r = 
0.921' p =0.003). 
As detailed above, the Lippert equation and reaction field models provide a 
comprehensive mathematical treatment of fluorophore solvatochromism. Curcumin serves as a 
control to validate the methodology before applying it AlPcS2 . Curcumin is a lipophilic 
molecule, known for its antioxidant properties81 "82 • Curcumin is a photosensitizer81 • It is also a 
fluorophore that has a large, well-characterized solvatochromic response and known phospholipid 
interactions82-86 . Therefore, curcumin provides a good control to validate the methodology used 
in this investigation. Table 4 (page 111) shows literature reported values for the solvatochromic 
response of curcumin81 • In response to increasing sol vent polarity, the emission peak for 
curcumin undergoes a red shift. There is a significant correlation between the solvent relative 
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permittivity and the fluorescence emission peak (r = 0.747, p=0.013) . Similarly, the Stokes shift 
increases in magnitude with increasing solvent polarity. The Stokes shift and the solvent relative 
permittivity correlate significantly (r = 0.742, p=0.013). No significant correlation exists 
between the solvent relative permittivity and the absorption peak. The correlation between the 
photophysical parameters and the solvent refractive index does not achieve significance. From 
the calibration data in tables 3 and 4, the environment polarity for liposome bound AlPcS2 and 
curcumin can be estimated. The absorption and emission peaks of AlPcS2 are most similar to 
acetone, which has a relative permittivity of 21. The absorption and fluorescence peaks of 
curcumin are most similar to ethyl acetate, which has a relative permittivity of 6.08. The Lippert 
equation and the reaction field models are an analytical approach to quantitative assessment of the 
dielectric medium polarity in the liposome bound state. 
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Table 3: The Absor~tion and Emission Fre!luencies of AlPcS2 in Protic and A~rotic Solvents 
Relative Refractive ~va ~vi ~va -~vt ~va +~vt Solvent Permittivity 
(E) Index (n) (x1Ql cm-1) (x1Ql cm-1) (x1Ql cm-1) (x1Ql cm-1) 
DMSO 47.24 1.4793 14.749 14.542 0.207 29.291 
DMF 38.25 1.4305 14.837 14.652 0.185 29.489 
Methanol 33.00 1.3284 14.793 14.599 0.194 29.391 
Ethanol 25.30 1.3614 14.815 14.641 0.174 29.456 
Acetone 21.01 1.3586 14.903 14.735 0.168 29.638 
Isopropanol 20.80 1.3959 14.837 14.684 0.153 29.521 
Butanol 17.84 1.3993 14.826 14.663 0.163 29.489 
Liposomes 14.881 14.728 0.153 29.608 
~ v a =The absorption peak wavenumber, ~ v f =The emission peak wavenumber, ~ v a - ~ v t =Stokes 
shift, ~va + ~vt =The sum of the absorption and emission peak frequencies. 
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Table 4: The Absorption and Emission Frequencies of Curcumin in Protic and Aprotic Solvents 
Relative Refractive ~va ~"~ ~va -~vf ~va +~vf Solvent Permittivity 
(E) Index (n) (x1W cm-
1) (x1W cm-1) (x1W cm-1) (x1W cm-1) 
DMSO 47.24 1.479 23.310 18.692 4.618 42.002 
DMF 38.25 1.4305 23.256 18.519 4.737 41.774 
Acetonitrile 36.64 1.3441 23 .697 18.587 5.109 42.284 
Methanol 33.00 1.3284 23.364 17.668 5.697 41.032 
Ethanol 25.30 1.3614 23.256 18.083 5.173 41.339 
Isopropanol 20.80 1.3959 23.810 19.608 4.202 43.417 
Acetone 21.01 1.3586 23 .202 18.349 4.853 41.550 
Butanol 17.84 1.3993 23.310 19.305 4.005 42.615 
Ethyl 6 .08 1.372 23.866 20.243 3.623 44.109 Acetate 
Benzene 2.28 1.501 23.923 21.552 2.372 45 .475 
Liposomes 23 .810 20.080 3.729 43.890 
~Va=The absorption peak wavenumber, ~v !=The emission peak wavenumber, ~v a- ~v ! =Stokes 
shift, ~va + ~vf =The sum of the abso!:Etion and emission Eeak freguencies . 
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4.2.4 Reaction field models 
The modified Lippert equation derived above describes the effect of solvent polarity on a 
fluorophore and includes the polarizability of the fluorophore70'73 • This section describes the 
method to analyze the data in tables 3 and 4 using the modified Lippert equation and reaction 
field formalism. Equation 4.29 is a simplified version of equation 4.23 and describes the 
relationship between the Stokes shift of a fluorophore in a given solvent and the polarity of that 
solvent. 
(4.29) 
In this equation, the solvent polarity is a function of the relative permittivity (e,) and refractive 
index (n). e0 is the vacuum permittivity and r.Jt is the effective radius of the fluorophore. a is a 
parameter used to describe the polarizability of the fluorophore (a) and is derived from the 
Lorentz-Lorenz relation. 
(4.30) 
n0 is the refractive index of the fluorophore extrapolated to zero frequency. Equation 4.31 is a 
simplified version of equation 4.24. This alternate version of the Lippert equation describes the 
relationship between the sum of the absorption and emission frequencies ( va + vf) and the 
solvent polarity. Similar to equation 4.29, it also includes the polarizability of the fluorophore. D 
is a co-efficient describing the role of the dispersion forces. 
( 4.31) 
Both equation 4.29 and 4.31 have a linear form and provide two methods to analyze the 
calibration data in tables 3 and 4. The measured va- v1 value for each solvent condition is 
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plotted against (j{e,)/(1-aj(e,))-j(n2)/(1-aj(n2))) using the three different values of a (0, 0.25 and 
0.5, where 0 corresponds to no polarizability). Linear regression yields a line of best fit in the 
form of equation 4.29. Correlation of the va - v1 values predicted from the line of best fit with 
those in table 3 and 4 provides an unbiased assessment of the quality of fit for each reaction field 
model (j). The same procedure is repeated for equation 4.31. Comparison of the correlative 
results of equations 4.29 and 4.31 determines the role of dispersion forces in the solvatochromic 
calibration. With four reaction field models and three values of a, there are 24 possible 
combinations considered when using equations 4.29 and 4.31. Of the 24 possible combinations, 
23 were evaluated as exhibiting a discontinuity in the Wertheim model at higher permittivity 
values when a=0.5, invalidating the predictions of the model. 
The Onsager reaction field model uses a step function to switch from e0 to the bulk 
solvent permittivity (e0e,) at r.11. The solution of Laplace's equation provides Onsager's 
expression (j0) for the reaction field dependence on e,75 . 
(4.32) 
In addition to the Onsager reaction field, three later variants are considered. Block and Walker 
proposed an alternative model lf8 w)87 • The solution of Laplace's equation provides the analytical 
solution below that describes the reaction field dependence one,. 
( 4.33) 
Another later variant, described by Ehrenson, (jE) uses a numerical solution to Laplace's 
equation88 • 
( 4.34) 
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Wertheim developed the fourth model to be tested89--91 . This model uses a statistical mechanics 
approach, relying on a mean spherical approximation. Re-written in the reaction field formalism, 
a numerical solution is found that approximates the reaction field. 
f w = 0.6666 x [1 + 0.0017lns,- 0.00432(lns,)2 + 0.000158(lns,)3 ]lns, (4.35) 
Figure 34 gives a graphical comparison of fo, fsw and fE as defined by equations 4.32-4.34. 
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Figure 34: A graphical representation of the Onsager, Block and Walker, and Ehrenson reaction 
field models. The radial dependence (r) of the solvent relative permittivity (t:) for different reaction field 
models. r ,lf is the effective molecular radius of the tluorophore. t:8 is the bulk relative permittivity of the 
solvent. Figure adapted from Marsh73 • 
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The step function of the Onsager model is clearly identifiable in figure 34, with the 
relative permittivity reaching that of the bulk solvent beyond the effective molecular radius of the 
fluorophore. The Block and Walker model has a more gradual transition, only reaching the bulk 
relative permittivity at very large distances. The Ehrenson model provides a more rapid transition 
reaching half the bulk solvent relative permittivity at three times the effective radius of the 
fluorophore. Figure 34 also shows the range of the Block and Walker model versus the Ehrenson 
model in response to different bulk relative permittivity. The Block and Walker model is more 
sensitive to the bulk permittivity, with larger distances required to achieve bulk permittivity. 
Figure 35A shows the effect of fluorophore polarizability on the function ft E,)/1 -aft E,), 
where a is defined by equation 4 .29, in each of the four reaction field models . The function 
ft E,)/1 -aft E,) can be thought of as the strength of the reaction field . Figure 35A shows that the 
Onsager model (jo , blue line) saturates at high values of E, . Including fluorophore polarizability 
increases the value of ft E,)/1 -aft E,) in the Onsager model. Fluorophore polarizability has little 
effect on either lsw or IE at values of E, less than 10. Beyond an E, value of 10, the rise of ftc,)/1-
aft E,) increases when polarizability is included in either lsw or IE· The Wertheim model shows the 
largest response to fluorophore polarizability. When polarizability is not considered (a= 0) inf..v, 
there is a linear relationship between ft E,)/1-aft E,) and log E,. At higher values of a , there is an 
exponential relationship between ftc,)/1-aftc,) and log E,. At E, values higher than 10 the 
Wertheim model cannot be sustained when a=0.5. A discontinuity is introduced and prevents this 
model being applied when a=0.5. Figure 35B gives a graphical representation of ftn2)/1 -aftn2), as 
a function of the solvent refractive index for each of the four reaction field models and three 
values of polarizability. Figure 35B shows many of the same trends as those in figure 35A. 
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index, and fluorophore polarizability. (A) The relationship between the reaction field and the solvent's 
relative permittivity. (B) The relationship between the reaction field and the solvent' s refractive index. 
The effect of fluorophore polarizability is demonstrated. a= a/( 4.m:0r.~), where a describes the 
polarizability of the molecule . Three values of a are shown, 0, 0.25 and 0.5 . Figure adapted from Marsh73 • 
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4.2.5 Reaction field analysis for curcumin and AIPcS2 
To validate the methodology developed here, the solvatochromic shifts of curcumin are 
considered first. Figure 36A-C (page 120) graphically summarizes the correlations across the 
four reaction field models for all three values of a, using equation 4.29. Statistically, the Block 
and Walker model provides the strongest correlation, a=0.25 (r=0.978, p<O.OOOl, figure 36B). 
The four reaction field models were also evaluated using equation 4.31, and all three values of a 
(figure 37A-C, page 121) . However, equation 4.29 provides the strongest correlation. Equation 
4.29 does not include the D term to describe the dispersion forces. Using the Block and Walker 
model and equation 4.29 the relative permittivity of the dielectric medium for liposome bound 
curcurnin is between 10 and 14.7 (figure 38, page 122). Therefore, the environment surrounding 
liposome bound curcumin has a relative permittivity higher than that of ethyl acetate, but lower 
than that of butanol, in agreement with the qualitative estimate given above. 
The validation of the model fitting method with curcumin provides a useful control point 
allowing application of the method to AlPcS2 • Both equation 4.29 and 4.31 were used with the 
four reaction field models to analyze the solvatochrornic shifts of AlPcS2 at all three values of a. 
Figure 39A-C and 40A-C graphically represent the correlation results using equations 4 .29 and 
4.31. The strongest correlation between the experimental and model predictions were found for 
the Wertheim model using equation 4.31 and an a value of 0.25 (0.951, p<0.001, figure 40B). In 
contrast to curcumin, equation 31 and not equation 29, provides the strongest correlation. This 
indicates that consideration of dispersion forces is necessary in the solvatochrornism of AlPcS2 . 
Figure 39A-C also shows the poor correlation between the data and the other three reaction field 
models. Both the Block and Walker and the Ehrenson model give a reasonable agreement at 
lower values of £,. At higher values of £, both diverge from the experimentally determined 
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values. In contrast, the Onsager model fails to even approach the experimental values. Using the 
Wertheim model and equation 30 (a=0.25), the relative permittivity of the dielectric medium 
surrounding liposome bound AlPcS2 is approximately that of ethanol, 25 (figure 41, page 125). 
This is in contrast to the estimate that can be arrived at using the data in table 1. The data in table 
1 show that the absorption peak for liposome bound AlPcS2 is between that of AlPcS2 in ethanol 
and acetone. The fluorescence peak for liposome bound AlPcS2 is most similar to that of AlPcS2 
in acetone. The va + v1 for liposome bound AlPcS2 is between that in acetone and isopropanol. 
Despite this discrepancy, it is clear that the solvatochromic models provide useful information 
and a sound basis for clear analysis of fluorophore solvatochromism. It was hypothesized that the 
model predictions could be further used to quantitatively predict the lipid bilayer location for 
curcumin and AlPcS2• 
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4.2.6 The time averaged location of AIPcS2 in the lipid bilayer 
The "molecular ruler" correlates the solvent dependent shifts of a lipophilic fluorophore 
with its location in the lipid bilayer via the Er (30) solvent polarity scale. The empirical 
solvatochromic data for curcumin function as a control to validate the model predicted location 
using the "molecular ruler" (figure 42). Figure 42A shows the correlation between the literature 
reported Stokes shift of curcumin (table 4) and the Er (30) values of the solvent. Separating the 
data into protic and aprotic solvents reveals a strong correlation between the Stokes shift and the 
Er (30) value for each solvent used in the solvatochromic calibration. Plotting the literature 
reported Stokes shift for liposome bound curcumin, the predicted Er (30) value is between 166.2 
kJ mol-1 and 171.2 kJ mol-1• Using the "molecular ruler", curcumin is located between 1 and 1.2 
nm from the phospholipid-water interface. This is in strong agreement with literature reported 
values for a neutral pH. 
The Block and Walker model showed the strongest correlation when considering the 
Stokes shift of curcumin. Figure 42B shows the relationship between solvent Er (30) values and 
the model predicted Stokes shifts. The Stokes shift values for the protic and aprotic solvents in 
figure 42B are from the Block and Walker model (a=0.25) predictions. Plotting the Stokes shift 
for liposome bound curcumin gives Er (30) values between 166.8 kJ mol-1 and 168.6 kJ mol- 1• 
This is in the range of the Er (30) values given by the literature reported values for curcumin. 
The close agreement suggests that the Block and Walker model (a=0.25), can predict the time-
averaged location of curcumin in the lipid bilayer from Stokes shifts via the Er (30) solvent 
polarity scale, validating the methodology used here. 
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Figure 43A shows the relationship between the experimentally determined va + v1 values 
(table 1) for AlPcS2 and the solvent polarity according to the Er (30) scale. Again, classification 
of the solvents as either protic or aprotic provided the strongest relationship. Plotting the 
experimentally determined frequency sum value for liposome bound AIPcS2 gives an Er (30) 
value between 176.6 kJ mot·1 and 186.4 kJ mot·1• The "molecular ruler" places AIPcS2 between 
0.7 and 0.9 nm from the phospholipid-water interface. As with curcurnin, this provides a control, 
against which to compare the lipid bilayer location of AIPcS2 determined from the Wertheim 
model (a=0.25) predictions. Figure 43B shows the relationship between model predicted 
frequency sum values and the solvent polarity according to the Er (30) scale. The relationship is 
not as strong as that observed when using experimentally determined values in figure 43A. 
However, plotting the liposome values gives Er (30) values of 177.3 kJ mol-1 and 178.4 kJ mol-1 
for liposome bound AIPcS2• This is within the range of the values determined from the 
experimental values, therefore supporting the predictions of the model. The model predicted 
values narrow the location of AIPcS2 in the lipid bilayer to between 0.8 nm and 0.9 nm. This 
demonstrates that the solvatochrornic models can predict the location of both curcumin and 
AIPcS2 in the lipid bilayer using the "molecular ruler". 
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Figure 42: The location of curcumin in the lipid bilayer. (A) The literature reported va - v1 for 
curcumin, when separated into protic (filled square) and aprotic solvents (open square), have a strong 
relationship with the Er (30) solvent polarity scale. The predicted polarity for liposome bound curcumin 
(open circle) is between 166.2 kJ mol' 1 and 171.2 kJ moJ·1• Using the "molecular ruler", curcumin is 
located between 1 and 1.2 nm from the phospholipid-water interface. (B) The model predicted va - v1 
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(open circle) gives Er (30) values between 166.8 kJ moJ·1 and 168.6 kJ moJ·1 helping to validate the model. 
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4.3 Discussion 
In order for the photosensitizer AlPcSz to effectively photo-induce release of liposome-
encapsulated molecules, AlPcSz must absorb tissue-penetrating wavelengths of light of sufficient 
energy to produce 'Oz. The photosensitizer must also bind to the liposome surface to localize the 
photochemical event that initiates release. 
The photophysical data above for AlPcSz give an absorption peak of 178.3 kJ mol·' (671 
nm). The energy required to form 'Oz is 94.3 kJ mol·', which corresponds to a transition at 1270 
nm. The spin-forbidden nature of the transition from the triplet ground state of molecular oxygen 
to the excited singlet state prevents direct photonic formation of 'Oz. to molecular oxygen via a 
triplet state. The energy of the triplet has to exceed 94.3 kJ mol·' in order to form 'Oz. Therefore, 
AlPcSz absorbs light of sufficient photonic energy to form 'Oz. In order to be an effective 
photosensitizer the extinction coefficient for AlPcSz must be large. The amount of 'Oz produced 
by the photosensitizer is dependent on, among many other factors, the amount of light absorbed. 
A large extinction coefficient therefore facilitates greater 10 2 production. The measured 
extinction co-efficient for AlPcSz is 1.92 xl05 M·' em·', in good agreement with literature 
reported valuesz9•92 • Therefore, AlPcSz is capable of absorbing many tissue-penetrating photons 
with sufficient energy to produce 'Oz. 
The hydrophobic portion of AlPcSz drives aggregation of the molecule in aqueous 
solution93 • The reduction in intensity and peak broadening of the excitation spectrum of AlPcSz 
(figure 30A) suggest that the molecules interact at higher concentrations. In addition, at the 
higher concentration of AlPcSz, there is a blue shift in the emission peak. A blue shift 
corresponds to a higher energy emission and suggests a stabilization of the AlPcSz ground state. 
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Together the data in figure 30 suggests that AlPcS2 undergoes a concentration dependent 
aggregation in aqueous media. This agrees with previous findings on the aggregation of 
sulfonated phthalocyanines in aqueous media and is associated with a reduction in fluorescence 
lifetime93 • 
The photochemical mechanism proposed for release of liposome-encapsulated molecules 
requires a detailed understanding of the interactions between AlPcS2 and phospholipid 
membranes. In order to use the intrinsic fluorescence of AlPcS2 to probe adsorption or lipid layer 
location, a non-aggregated form is required. The use of low concentrations of AlPcS2 prevents 
the introduction of aggregation artifacts into the spectroscopic analysis of AlPcS2 • Importantly, 
evidence in the literature suggests that aggregation of AlPcS2 reduces the triplet lifetime ('tT) of 
the photosensitizer in solution and upon liposome adsorption92- 94 • This parameter is an important 
factor in the 10 2 quantum yield of a photosensitizer by determining the probability of energy 
transfer to molecular oxygen28"95 • Similarly, aggregation of the photosensitizer is associated with 
a decrease in the rate of intersystem crossing and an increase in internal conversion, thereby 
reducing the effectiveness of AlPcS2 as a photosensitizer93 • 
Upon adsorption to liposomes, the emission intensity of sulfonated phthalocyanines 
increases92•94•96 . The Frumkin isotherm, which allows for the interaction of adsorbed 
photosensitizer, best describes the adsorption of AlPcS2 to egg PC liposomes . Analysis of the 
data in figure 8B suggests that the photosensitizer molecules repel one another and cause the 
deviation from the Langmuir adsorption isotherm model. This is in good agreement with reports 
in the literature. Rokitskaya et. a/.96 noted the Langmuir does not describe the adsorption of 
AlPcS2 to diphytanoylphosphatidycholine (DPhPC) lipid bilayers. Extension of this analysis to 
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use the Volmer isotherm, which describes non-localized adsorption of the ligand to the surface, 
did not yield a significant correlation96 • The Frumkin isotherm gives a linear relationship, 
satisfying all data point in figure 8B, and provides a detailed perspective on the biophysical 
chemistry of the AlPcSz-liposome chemical system. An affinity constant of 2.7 xl06 M-1 for the 
adsorption of AlPcS2 to dimyristoylphosphatidylcholine (DMPC) liposomes was estimated by 
Maman et. af4. There is no way to directly compare the adsorption of AlPcS2 to DMPC, to that 
of egg PC liposomes due to differences in the lipid composition. Maman et. al. use a linear 
relationship between adsorption and photosensitizer concentration at the lowest concentrations of 
AlPcS2 to estimate the affinity constant. Increasing the photosensitizer concentration, causes a 
significant deviation from linearity. Failure to account for the full data range leads to an over 
estimation of the affinity constant and a more sophisticated adsorption isotherm is better suited. 
Therefore, even if a direct comparison could be made, the estimate made by Maman et. al. is 
likely to be inaccurate. The Frumkin isotherm used in this investigation provides a more robust 
measurement of AlPcS2 adsorption to liposome surfaces. 
Although there is a strong linear relationship using the Frumkin adsorption isotherm, the 
data in figure 32B are non-monotonic. The Frumkin isotherm assumes a homogeneous surface 
and that, at maximum adsorption, only a monolayer forms. AlPcS2 aggregates in solution and 
phthalocyanines adsorbed to lipid bilayers also aggregate32'92'93 • Accounting for the aggregation 
of AIPcS2 on the adsorbed surface would improve the adsorption isotherm. However, detailed 
experimental data would be required. Furthermore, the liposomes are composed of egg 
phosphatidylcholine. In terms of the acyl chain composition, the lipid bilayer is therefore 
heterogeneous and this may influence the adsorption of AIPcS2 to the liposome surface. Despite 
some deviation, the Frumkin isotherm accounts for the interaction of AlPcS2 molecules and 
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provides a quantitative analysis of adsorption. Therefore, further extension of the adsorption 
isotherm is unnecessary for the purposes of this investigation. 
The adsorption data indicate that AlPcS2 strongly associates with lipid bilayers, despite a 
repulsive force between adsorbed photosensitizer molecules, owing to their negatively charged 
sulfonic acid groups. Figure 33 shows a blue, chromic shift in the emission peak of AlPcS2 upon 
adsorption. The observed blue shift is in agreement with the literature67•94 • The data from the 
solvatochromic calibration (table 3) indicate that, as solvent polarity increases, the emission of 
AlPcS2 undergoes a red shift. This is positive solvatochromism. The data therefore suggest that 
polar solvents stabilize the excited state of AlPcS2• In light of the data in table 3, the blue shift 
after adsorption to the lipid bilayer indicate that the photosensitizer is exposed to an environment 
of lower polarity that the aqueous condition. The data for curcumin illustrate the same trends. 
The red shift in fluorescence emission with increasing solvent polarity indicate that curcumin 
undergoes positive solvatochromism. This results from stabilization of the excited state relative 
to the ground state of the molecule. Positive solvatochromism, however, does not account for the 
red shift of the absorption peak of curcumin in aprotic solvents. The blue shift in curcumin 
emission upon adsorption to liposomes, indicates that curcumin is exposed to a low polarity 
environment. This is in agreement with literature reports on the lipid bilayer location of 
curcumin86•97 • 
The mathematical models of solvatochromic shifts can describe the polarity of the 
environment and indicate the solvent structure. The Block and Walker reaction field provides the 
best fitting model for the solvatochromic shifts of curcumin. The model suggests that dispersion 
forces do not play a role in the solvatochromism of curcumin. However, the data in table 4 
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indicate that the absorption peak of curcurnin undergoes a red shift with increasing solvent 
polarity. The red shift indicates stabilization of the ground state at higher solvent polarities. The 
best fitting model does not account for this through dispersion forces. Other mechanisms, outside 
of the scope of either equation 4.29 or 4.31, might account for the red-shift observed in the 
curcumin ground state. Resolving this discrepancy would require extensive experimental 
investigation. In spite of this discrepancy, there is a robust agreement between the model and the 
data in table 4. 
The model indicates that liposome adsorbed AlPcS2 occupies an environment where it is exposed 
to both hydrophilic and hydrophobic compartments, as would be expected from its amphipathic 
chemical nature. Furthermore, the model requires that dispersion forces contribute to the 
solvatochrornism of AlPcS2 • It is likely that the predicted dispersion forces are interactions 
between the hydrophobic moieties of AlPcS2 and the acyl chains of the phospholipid bilayer. 
Based on these predictions, it is hypothesized that AlPcS2 increases lipid bilayer thermal stability. 
The flat, hydrophobic, polyaromatic ring structure of AlPcS2 would provide the chemical 
structure for intercalation and lateral interactions with the phospholipid acyl chains. 
It is clear that the data derived from the solvatochromic models do not replicate the data 
presented in tables 3 and 4 with complete fidelity. The incompleteness of the models suggests 
that some further modification of the Lippert equation is required. This would result in additional 
coefficients that would likely require parameterization from experimental values. For example, 
according to the model, the dispersion force coefficient (D) has the same value in both the ground 
and the excited state. This may not be the case, but would require extensive experimental 
characterization. An additional limitation of these models is the treatment of the cavity in the 
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solvent occupied by the fluorophore as spherical. For curcumin, but more so for AlPcS2 , this is 
unlikely. Additionally, the solvatochromic models rely on the absorption and emission dipole 
having the same orientation in space. Solvatochromism is a complex phenomenon involving the 
coupled dynamic processes of both the fluorophore and the solvenC4 • A complete description of 
solvatochromism requires consideration of many intermolecular forces at the quantum 
mechanical level in addition to the semi-classical methodology employed in this investigation98 . 
It was hypothesized that the magnitude of the solvatochromic shift of AlPcS2 upon 
adsorption provides a measure of lipid bilayer location. The molecular ruler developed by Frimer 
and colleagues provides a method to correlate solvatochromic shift data to an intercalation depth, 
into the lipid bilayer. The method relies on the use of the Dimroth-Reichardt Er (30) solvent 
polarity scale. The Er (30) scale is an empirically derived solvent polarity scale measured using 
pyridinium N-phenolate betaine dye. The Er (30) scale has been well characterized for a range of 
solvents and fluorophores that undergo solvatochromic shifts76 . Ehrenson described the 
correlation between the Er (30) solvent polarity scale and reaction field models, including the 
reaction fields used here88 . The Block and Walker model, the Ehrenson model, and the Wertheim 
model performed significantly better than the Onsager model, with strong correlations to the Er 
(30) scale. The Block and Walker reaction field model was the best fit to the solvatochromic 
shifts of curcumin and provides a strong correlation between the model predicted Stokes shifts 
and the solvent Er (30) value. Using the molecular ruler the Block and Walker model predicts a 
lipid bilayer location for curcumin between 1 and 1.2 nrn from the phospholipid-water interface. 
This is in good agreement with literature reported values at neutral pH81 •86•97• The model predicted 
location for AlPcS2 is between 0.8 and 0.9 nrn from the water-phospholipid interface. Therefore, 
the photosensitizer has access to the acyl chain region of the lipid bilayer. This prediction is 
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important as it indicates that AlPcS2 intercalates sufficiently into the lipid bilayer to access the 
unsaturated acyl chains for the proposed photochemical mechanism. Furthermore, this AlPcS2 
location, with access to the acyl chains, supports the hypothesis of stabilization of the lipid 
bilayer by the photosensitizer. 
The molecular ruler technique provides a useful prediction, but is also subject to some 
limitations. The lipid bilayer location actually represents the center of the fluorophore dipole 
moment, not necessarily the center of the molecule. Therefore, the molecule extends beyond the 
location identified in the analysis presented above. The molecular ruler also does not give 
information on the orientation of the fluorophore relative to the lipid bilayer structure. It could be 
assumed that the long axis of the molecule would be oriented parallel to the lipid, allowing for 
intercalation, but there is no evidence to support this. Additionally, the "molecular ruler" is 
dependent on phosphotidylcholine lipids. It is possible that different rulers would be required for 
other phospholipids, or mixtures of lipid head groups and acyl chain saturation. In spite of the 
limitations, the "molecular ruler" provides significant, quantitative information on the location of 
lipophilic fluorophores in the lipid bilayer. 
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4.4 Conclusions 
AlPcS2 has the photophysical properties to be an effective photosensitizer in the proposed 
photochemical mechanism. Absorbing tissue-penetrating wavelengths of light with a large 
extinction co-efficient provides an effective way of capturing photonic energy for photochemical 
purposes in vivo. By studying the aggregation behavior of AlPcS2 the conditions can be 
optimized to maintain the efficiency of the photosensitizer and the reported 10 2 quantum yield. 
The adsorption data indicate a strong association between AlPcS2 and the egg PC liposomes. The 
Frumkin isotherm analysis provides a detailed description of the biophysical chemistry of the 
lipid bilayer-photosensitizer chemical environment. Importantly, the Frumkin isotherm improves 
upon previous methods to analyze AlPcS2 adsorption to liposomes. 
The solvatochromic modeling method captures the effect of changes to the dielectric 
medium's polarity on the photophysical properties of AlPcS2 • Coupled with the "molecular 
ruler", simple absorption and emission spectra predict a time-averaged location of the 
photosensitizer in the lipid bilayer. Solvatochromism is a general phenomenon that occurs across 
many different fluorophores. Furthermore, the term solvatochromism itself is limiting, indicating 
that chromic shifts only occur in fluorophore emission due to solvent effects. In fact, the term 
"perichromism" is a more accurate descriptor for the phenomenon74 , as the chromic shifts occur 
due to polarity differences in any dielectric medium. Therefore, the reaction field analysis 
presented is a powerful method to identify the relationship between any fluorophore and the 
surrounding medium, as well as the structure of the medium due to of the presence of the 
fluorophore. Extending the solvatochromic models with the "molecular ruler" technique provides 
valuable information on the location of the fluorophore in the lipid bilayer. With further, time-
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resolved analysis, the solvatochromic models and "molecular" ruler could provide information on 
the dynamics and structure of lipid bilayers using lipophilic fluorophores. 
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CHAPTER 5: ALUMINUM PHTHALOCYANINE DISULFONIC ACID ACTS AS 
A PHOTO-DEPENDENT MODULATOR OF LIPID BILAYER STABILITY AND 
PERMEABILITY 
5.1 Introduction 
The proposed photochemical mechanism for the release of liposome-encapsulated 
molecules requires the photodynamic activity of AlPcS2 • AlPcS2 is a known type II 
photodynamic agent that generates 10 2 upon excitation by red lighf1.36.37•80 • In the proposed 
mechanism, 10 2 reacts with the unsaturated phospholipid acyl chains to initiate release of the 
encapsulated material. The previous chapter provides a description of AlPcS2 adsorption to the 
liposome surface. In addition, the solvatochromic models describe the chemical environment of 
liposome adsorbed AlPcS2 • The models predict a role for dispersion forces between the 
photosensitizer and the lipid bilayer. In this chapter, the predicted dispersion force interactions 
are tested through their effect on the lipid bilayer stability. Then, the photodynamic activity of 
AlPcS2 is described. Finally, liposome permeability is shown to increase due to the 
photodynamic activity on liposome of AlPcS2 • 
The solvatochrornic models in the previous chapter predict AlPcS2 is located between 0.8 
nm and 0.9 nm from the water-phospholipid interface. In this location, AlPcS2 has access to the 
phospholipid acyl chains. In addition, the model employs dispersion forces to fully describe the 
solvatochromic shifts of AlPcS2• At this location, dispersion force interactions could occur 
between the hydrophobic moieties of the photosensitizer and the phospholipid acyl chains. In 
cellular membranes, cholesterol functions to buffer the lipid bilayer against temperature changes 
and to alter lipid phase equilibria16•17 • The planar, polycyclic structure, of cholesterol facilitates 
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dispersion force interactions with the phospholipid acyl chains of the lipid bilayer. The 
phospholipid-cholesterol interactions stabilize the lipid bilayerd6•46 • If AlPcS2 functions in a 
similar manner to cholesterol, it should also increase lipid bilayer stability. 
This hypothesis is tested using fluorescence anisotropy. Fluorescence anisotropy 
measures molecular dynamics over the excited state lifetime of a fluorophore69•99 . When a 
fluorophore is excited with polarized light, absorbance is dependent on the orientation of the 
molecular electric dipole in the ground state with respect to the polarized excitation light. If the 
electric dipole moment is perpendicular to the polarized excitation light then the fluorophore will 
not absorb. Fluorophores with dipoles parallel to excitation light will absorb the most light. This 
is phenomenon is called photoselection. In figure 43, the electric vector of the polarized 
excitation light is parallel to the z-axis (111 ). The probability of absorbance by the fluorophore is a 
function of 8. In the ideal case the absorbance and emission dipoles of the fluorophore are 
colinear. Therefore, the emitted light will have the same polarization as the excitation light (1
11
). 
In almost all real systems, some depolarization occurs. Rotation of the molecule (changes in 8 or 
~) during the excited state lifetime of the fluorophore can cause depolarization. The rotational 
motion of a fluorophore is dependent on the microviscosity of its chemical environment. In lower 
viscosity environments, the molecular motions of a fluorophore would be greater. Therefore, the 
changes in 8 or ~ would be larger and more depolarization would occur, leading to a less 
isotropic system. Measuring the emitted light with a polarizer indicates the extent of the 
depolarization. When the emission polarizer is parallel to the excitation, the measured intensity is 
111 • When the emission is perpendicular to the excitation light, the measured intensity is I_]_. The 
anisotropy parameter, r, is calculated using the measured emission intensities I 11 and I_]_ (equation 
5.1). 
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In equation 5.1, G is an empirically derived correction factor for depolarization artifacts caused 
by the instrument. Measuring the fluorescence intensities parallel and perpendicular to the z-axis 
with the excitation polarizer perpendicular to the z-axis gives G. 
Upon intercalation into a lipid bilayer, the orientation of a fluorophore's electric dipole is 
more anisotropic, compared to its direction in the free, aqueous, state. In the lipid bound state, 
the molecular motion of the fluorophore has fewer degrees of freedom and therefore less 
depolarization would occur over the excited state lifetime of the fluorophore. Lipid bilayers are 
temperature sensitive and undergo catastrophic changes in structural order upon heating100 • 
Depolarization for an intercalated fluorophore is a function of the microviscosity of the lipid 
bilayer which, in turn, is related to the lipid order46•100 • Therefore, the anisotropy parameter, r, of 
a lipid bilayer intercalated fluorophore will reflect the temperature dependent changes in lipid 
order. The fluorescence anisotropy of liposome-adsorbed AlPcS2 will provide a measure of 
temperature dependent changes in lipid bilayer order. The anisotropy of AlPcS2 emission will 
decrease as a function of temperature. If AlPcS2 has a stabilizing effect on the lipid bilayer, 
increasing the percentage of the photosensitizer in the lipid bilayer will attenuate the decrease in 
anisotropy. With the effect of AlPcS2 on lipid bilayers established, the photodynamic activity of 
this photosensitizer can be evaluated. 
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Figure 43: Photoselection and fluorescence anisotropy. The electric vector of polarized excitation light 
is parallel to the z-axis ( I 11 ). The probability of absorbance by the fl uorophore is dependent on the angle of 
the electric dipole moment from the z-axis (8) . Rotation of the molecule about 8 or~ during the excited 
state lifetime of the fluorophore causes depolarization of the excited light. Measurements of the emitted 
light are made along on the y-axis. When the emission is perpendicular to the excitation light, the 
measured intensity is I 11 • The degree of depolarization that occurs due to molecular rotation is measured by 
the ratio of I 11 to I l. . 
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Photosensitizers absorb and transfer photonic energy to molecular oxygen. The 
phthalocyanine class of photosensitizers initiate type II PDA upon excitation with tissue 
penetrating wavelengths of light (600-900 nm). This form of PDA transfers only energy from the 
excited triplet state of the photosensitizer to the triplet ground state of molecular oxygen. The 
transferred energy must be in excess of 94.3 kJ mol-1 to form 10 2 from molecular oxygen. In the 
heterogeneous liposome system, the 0 2 substrate for the photochemical reaction has the highest 
concentrations in the aqueous compartment (8 ppm, 5 xl04 M)101 and the center of the lipid 
bilayer102 • The oxygen permeation of the lipid bilayer across the lipid bilayer is the reciprocal of 
the H20 permeation102 • Therefore as an amphipathic photosensitizer, liposome-adsorbed AlPcS2 
would have access to the molecular oxygen substrate for the photodynamic reaction. In solution 
the reported 10 2 quantum yield for AlPcS2 is 0.22580 • Upon adsorption to macromolecules 
literature reports suggest an increase in the triplet lifetime of AlPcS2 from 500 f.lS to greater than 
1000 f.1.S 103 • The photosensitizer triplet state is the necessary excited state for type II PDA. 
Increasing the lifetime of the triplet state increases the likelihood of energy transfer from the 
photosensitizer to molecular oxygen if all other factors remain equal, such as the rate of 
quenching4 • Liposome adsorbed AlPcS2 should provide a robust source of 10 2 for the proposed 
photochemical mechanism. It is necessary to characterize the photodynamic activity of liposome 
adsorbed AlPcS2 in order to use this photochemical event to release liposome-encapsulated 
materials. 10 2 is known to react with labile groups such as carbon-carbon double bonds in an"-
ene" type reaction35.39 • 10 2 reacts with unsaturated fatty acids, such as those in egg PC, to oxidize 
lipids and increase membrane permeability3s.-37 . Finally, release of liposome-encapsulated 
molecules in response to exposure to light in the presence of the photosensitizer, will confirm the 
proposed photochemical mechanism. 
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5.2 Results 
5.2.1 AIPcS2 increases lipid bilayer stability 
Solvatochromic shift models predict dispersion force interactions between the adsorbed 
photosensitizer and the lipid bilayer. The effect of the dispersion force interactions should be 
observable, indirectly, by a photosensitizer dependent stabilization of the lipid bilayer. The 
fluorescence anisotropy parameter, r, for liposome bound AlPcS2 is calculated according to 
equation 5 .1. The anisotropy of the system should decrease as a function of temperature due to 
changes in the lipid bilayer rnicroviscosity. This requires that there be no change in the emission 
spectrum of lipid bilayer bound AIPcS2 through the temperature range used. Figure 45A shows 
no chromic shifts or intensity changes in the emission spectrum of AIPcS2 through the 
temperature range. Therefore, the measured AIPcS2 fluorescence anisotropy is a product of the 
temperature-dependent lipid bilayer microviscosity and not due to a difference in partitioning or 
aggregation of the photosensitizer. 
According to the hypothesis, increasing the percentage of AlPcS2 in the lipid bilayer 
should increase thermostability. In Figure 45B, the anisotropy parameter is expressed as r- 1 • As 
temperature increases beyond 15 oc, r-1 increases at 0.13%, 0.25% and 0.5% AlPcS2 • The data in 
figure 45B indicate a change in the microviscosity and therefore lipid order of the bilayer as 
temperature is increased. The temperature at which this change occurs is not significantly 
different at 0.13% and 0.25% AIPcS2 • However, increasing the AlPcS2 concentration to 0.25% 
significantly attenuates the increase in r-1 (p<0.05, for all values beyond 20 °C). There is no 
significant increase in r-1 at 1% AlPcS2 up to temperatures of 40 oc. The attenuation of r-1 
increases suggests an AlPcS2 dependent stabilization of the lipid bilayer. Lipid bilayer stability 
and permeability are connected. In order to maintain selective permittivity, and correct 
144 
partitioning of solutes, any cellular membrane requires a stable lipid bilayer. It was hypothesized 
that the adsorption of AlPcS2 to the liposome would also affect lipid bilayer permeability. 
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Figure 45: AIPcS2 increases lipid bilayer thermostability. (A) The fluorescence emission spectrum of 
liposome adsorbed AlPcS2 does not show temperature dependent changes. Liposome suspensions prepared 
with 200 f.LM phospholipid and I J.LM AlPcS2 were excited with 605 nm light and emission recorded 
between 650 nm and 730 nm at five degree increments between 5 °C and 50 °C. (B) Fluorescence 
emission intensity at 679 nm was used to calculate r. As the percentage of AlPcS2 increases, the decrease r 
is attenuated, indicating stabilization of the lipid bilayer. 
146 
5.2.2 AlPcS2 decreases permeability upon liposome binding 
Examining the effect AlPcS2 on lipid bilayer permeability is required to fully characterize 
the photosensitizer-liposome system. It is hypothesized that the increased lipid bilayer stability 
will correlate with reduced permeability. Carboxyfluorescein (CF) fluorescence is completely 
self-quenched at a concentration of 100 mM (figure 46A). Encapsulating CF at a self-quenching 
concentration in liposomes provides an assay for lipid bilayer permeability. Leakage of CF from 
the liposomes results in dilution of the CF by the suspension media and a corresponding increase 
in fluorescence. Addition of triton X-100, at a final concentration of 0.1 %, induces complete 
liposome hydrolysis, without affecting the quantum yield of the CF56 • Figure 46B shows a 
twenty-fold increase in fluorescence upon addition of the detergent. The fluorescence signal 
obtained upon the addition of triton X-100 is a maximum Umax), corresponding to 100% release. 
Injection of triton X-100 at the end of time course studies allows the data to normalized and 
separate runs to be compared directly. The percent release of CF is calculated using equation 5.2 
where I is the fluorescence intensity at the emission peak for CF and /min is the initial fluorescence 
intensity at that wavelength. 
( I -I ) Percent release = _min x 100 /max /min 
(5.2) 
Figure 47A shows an increase in CF release with temperature. The data indicate that at high 
temperatures, lipid bilayer permeability is increased. This is in agreement with the known effects 
of temperature on lipid bilayer order12 • Figure 47B demonstrates that addition of AlPcS2 to the 
external aqueous phase decreases lipid bilayer permeability at 37 oc. 0.5% AlPcS2 has the 
greatest effect on lipid bilayer permeability with CF leakage six times lower after 20 minutes than 
in the absence of the photosensitizer. Figure 48 shows that there is no increase in light scattering 
over the course of the assay indicating that the fluorescence increase is not due to osmotic 
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swelling of the liposomes and therefore dilution of the encapsulated CF. In the proposed 
photochemical mechanism for the release of liposome-encapsulated molecules, AlPcS2 produces 
10 2 that reacts with the phospholipid bilayer and increases permeability. In order for the 
mechanism to be effective, the 10 2 production by the photosensitizer must be characterized. 
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Figure 46: CF can be packaged into liposomes at self-quenching concentrations. (A) CF fluorescence 
(480 nm excitation, 520 nm emission) completely self-quenches at concentrations of 100 mM. (B) After 
removal of non-encapsulated CF by gel filtration, addition of triton X-100 permeabilizes the liposomes and 
causes release of the CF. There is a twenty fold increase in fluorescence when the liposomes are fully 
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Figure 47: Adsorption of AIPcS2 to liposomes reduces lipid bilayer permeability. (A) Using a CF 
fluorescence de-quenching assay, the permeability of egg PC liposomes was measured as a function of 
temperature. Liposomes containing 100 mM CF were incubated in suspension (200 J.LM phospholipid) at 
temperatures between 5 oc and 45 °C. Fluorescence intensity was measured using experimental setup A. 
(B) AlPcS2 reduced liposome permeability at 37 oc. Triton X-100 was added at 1100s to a final 
concentration of 0.1 %. All data are representative of three independent measurements. Fluorescence 
intensity was measured using experimental setup A. 
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Figure 48: The increase in fluorescence intensity is not due to osmotic swelling of the liposomes. 
Using the CF fluorescence de-quenching assay, the scatter signal produced by the liposomes was monitored 
over time at 550 nm_ Liposomes containing 100 mM CF were incubated in suspension (200 j.tM 
phospholipid) at 37 oc_ Fluorescence intensity was measured at 550 nm using experimental setup A, page 
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5.2.3 Comparison of AIPcS2 and AIPcS4 properties 
The tetrasulfonated aluminum phthalocyanine (AlPcS4), shares the same polycyclic ring 
structure as AlPcS2 • AlPcS4 contains four sulfonic acid groups and therefore has a higher 
molecular charge than AlPcS2 at neutral pH. Figure 49A and 49B show that AlPcS4 has the same 
absorbance and emission spectrum as AlPcS2 • With an absorbance maximum of 670 nm and 
extinction co-efficient of 2 xl05 M-1 cm·1, the two additional sulfonic acid groups do not have an 
effect on these photophysical properties. Under the same conditions as those used to investigate 
AlPcS2 lipid bilayer adsorption, the absorbance and emission spectra of AlPcS4 do not indicate 
liposome binding. Figure 50 compares the effect of AlPcS4 to AlPcS2 on lipid bilayer 
permeability. At a concentration of 1 l-IM AlPcS2 reduces lipid bilayer permeability. Under the 
same conditions, AlPcS4 does not reduce lipid bilayer permeability and the baseline leak is 
maintained. 
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Figure 49: AIPcS4 does not adsorb to liposomes under the same conditions as AIPcS2• (A) The 
absorbance spectrum of AIPcS4 (dashed line), peaks at 670 nm with a molar extinction coefficient of 2 x105 
M·1 cm-1 under aqueous conditions at 20 oc (0.5 1.1M AIPcS4 , 100 mM KCI, 10 mM Tris and pH 7.4). The 
addition of liposomes (dotted line) does not affect the absorbance spectrum. (B) The emission spectrum of 
AIPcS4 (solid line) peaks at 685 nm (605 nm excitation was used) under aqueous conditions at 20 oc (0.5 
J.t.M AIPcS2 , 100 mM KCI, 10 mM Tris and pH 7.4). Addition of liposomes (dotted line) does not affect the 
emission spectrum of A1PcS4 • 
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Figure SO: AIPcS4 does not reduce lipid bilayer permeability. Liposomes containing 100 mM CF were 
incubated in suspension (200 f.1M phospholipid) at 37 °C . Fluorescence intensity was measured using 
experimental setup X, page X. Under the same conditions, AlPcS2 reduces liposome permeability whereas 
AIPcS4 does not. Triton X-100 was added at 1100s to a final concentration of 0.1 %. All data are 
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5.2.4 AlPcS2 produces 10 2 when exposed to red light 
AlPcS2 produces 10 2 upon excitation with red light via type II PDA. 10 2 is difficult to 
measure because of its short lifetime, especially under aqueous conditions. ~-methoxyvinyl 
pyrene (~-MVP) is a fluorophore that specifically detects 10 2 • ~-MVP reacts with 10 2 to produce 
a 1-pyrenecarboxaldehyde; this causes a decrease in ~-MVP monomer fluorescent emission at 
420 nm104• The decrease in ~-MVP emission provides a measurement of 10 2 production. The 
pyrene moiety of ~-MVP is highly lipophilic and the data in figure 51 suggest binding to the lipid 
bilayer in the presence of liposomes. 
As a lipophilic molecule with a planar, polycyclic ring structure, it was hypothesized that 
~-MVP could also increase lipid bilayer thermostability. In figure 52A the emission spectrum of 
~-MVP peaks at 413 nm and does not change between 5 and 50 °C. Therefore, a fluorescence 
anisotropy assay can measure the effect of the 10 2 sensor on the lipid bilayer. Figure 52B shows 
the increase in r· 1 (as defined in equation 5.1) as a function of temperature for ~-MVP . Increasing 
the percentage of ~-MVP attenuates the increase in r·1 and therefore indicates that the 10 2 sensor 
does have a stabilizing effect on the lipid bilayer. 
~-MVP provides a 10 2 specific fluorescent probe localized to the lipid bilayer. In order 
to demonstrate that liposome-bound ~-MVP detects 10 2 a control is required. Methylene blue 
(MB) is a known and well-characterized photosensitizer. MB absorbs maximally at 650 nm 
(figure 53), and has a 10 2 quantum yield of 0.52 under aqueous conditions28 . Additionally, with 
~-MVP emission at 420 nm and MB excitation at 633 nm, the two components are optically 
separable. Excitation of the 10 2 producer occurs at a wavelength that is not absorbed by the 10 2 
detector, ~-MVP. This prevents the introduction of noise into the detection of 10 2 • Addition of 
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MB to liposome suspensions containing ~-MVP does not induce a change in the absorbance 
spectrum of either MB or ~-MVP (figure 54). This indicates that MB and ~-MVP do not interact 
with one another and can be considered independent. Also, MB does not bind to the lipid bilayer. 
Therefore, MB provides a useful photosensitizer control. In light of the fluorescence anisotropy 
data for ~-MVP, a concentration of 0.125% (0.5 J.LM) reduces artifact from bilayer stabilization 
while providing a robust fluorescent signal. 
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Figure 52: ~-MVP stabilizes the lipid bilayer. (A) The fluorescence emission spectrum of liposome 
adsorbed ~-MVP does not show temperature dependent changes. Liposome suspensions prepared with 200 
f1M phospholipid and 0.5 f1M ~-MVP were excited with 378 nm light and emission recorded between 380 
run and 600 nm at five degree increments between 5 oc and 50 °C. (B) Fluorescence emission intensity at 
413 nm was used to calculate r. Anisotropy decreases as a function of temperature . As the percentage of 
~-MVP increases , the decrease r is attenuated, indicating stabilization of the lipid bilayer. 
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Figure 54: Absorbance spectrum of the photosensitizer and singlet oxygen detector in liposome 
suspensions. (A) The absorbance spectrum of lJlM MB (solid line) peaks at 650 nm under aqueous 
conditions (100 mM KCI, 10 mM Tris, pH 7.4). The addition of liposomes (dotted line) introduces a 
scatter signal, observed between 350 and 550 nm but does not affect the absorbance peak of MB. The 
absorbance signal of ~-MVP, above the liposome scatter background is found between 350 nrn and 400 
nm. Addition of ~-MVP does not affect the MB absorbance peak. (B) MB (black line) does not emit 
between 380 nrn and 650 nm in response to 378 nm excitation. 
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Figure 55 shows the inactivation of 13-MVP fluorescence as a function of time 
(experimental setup B) In the absence of MB, exposure to 5 m W of light at 630 run does not lead 
to inactivation of 13-MVP fluorescence or photobleaching, indicating that no 10 2 is produced and 
that 13-MVP is stable under the conditions of the assay. In response to 5 mW of 630 run light and 
the presence of 10 11M MB, 13-MVP fluorescence is significantly inactivated, with a 30% loss 
after 30 minutes. Sodium azide is a known 10 2 quenchers·95 • The addition of 10 mM sodium 
azide prevented this fluorescence inactivation of 13-MVP. The effect of sodium azide on the 
system likely reflects the partitioning of MB to the aqueous compartment and of 13-MVP to the 
lipid bilayer. The data confirm the utility of the assay for the detection of 10 2 at the liposome 
surface. 
The same conditions provide a preliminary measurement of 10 2 production by AlPcS2 . 
As in the MB control, with the absorbance peak for AlPcS2 at 670 nm, and 13-MVP emission 
measured at 420 run, the two components are optically separate. Addition of AlPcS2 to liposome 
suspensions containing 13-MVP does not induce a change in the absorbance spectrum of either 
AlPcS2 or 13-MVP (figure 56A and 56B). This indicates that AlPcS2 and 13-MVP do not interact 
with one another and are independent. Figure 57 displays the 13-MVP fluorescence inactivation 
upon excitation of AlPcS2 with 630 nm light (5 mW). As with the MB control, in the absence of 
the photosensitizer, there is no inactivation of 13-MVP. In the presence of 5 ~of AlPcS2 there is 
inactivation of (3-MVP fluorescence. The addition of sodium azide has a significant effect, 
preventing the inactivation of 13-MVP fluorescence in the first 5 minutes. The data suggest that 
AlPcS2 undergoes type II PDA in liposome suspensions. Sodium azide is a less effective 
protector, in the case AlPcS2• than the MB control. The lipid bilayer localization of AlPcS2 likely 
reduces the efficacy of sodium azide as a 10 2 quencher in the aqueous compartment. 
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Figure 55: Inactivation of Jl-MVP fluorescence by MB type II PDA with 5 mW of light. 10 2 reacts 
with the fluorescent probe ~-MVP to reduce its fluorescence intensity. In the absence of MB (solid line, 
diamond), ~-MVP is photostable and not inactivated by 630 nm light (5 mW). In the presence of 10 ~ 
MB there is an inactivation of ~-MVP fluorescence (dashed line, square). The singlet oxygen quencher 
azide significantly attenuates ~-MVP fluorescence inactivation (dotted line, circle). The data are presented 
as the mean of three independent trials,± standard deviation. 
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Figure 56: Absorbance spectrum of the photosensitizer and singlet oxygen detector in liposome 
suspensions. (A) The absorbance spectrum of lflM AIPcS2 (solid line) peaks at 650 nm under aqueous 
conditions (100 mM KCl , 10 mM Tris and pH 7 .4). The addition of liposomes (dotted line) introduces a 
scatter signal, observed between 350 and 400 nm. The absorbance signal of 13-MVP, above the liposome 
scatter background is found between 350 nm and 400 nm. Addition of 13-MVP does not affect the AlPcS2 
absorbance peak. (B) AlPcS2 (black line) does not emit between 380 nm and 650 nm in response to 378 
nm excitation. 
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Figure 57: Inactivation of P-MVP fluorescence by AIPcS2 type II PDA with 5 mW of light. In the 
absence of AlPcS2 (solid line, suqare), liposome bound P-MVP is photostable and not inactivated (200 ~ 
phospholipid, 100 mM KCl, 10 mM Tris and pH 7 .4). In the presence of 1 ~ AlPcS2 there is an 
inactivation of P-MVP fluorescence (dashed line, triangle) in response to 5 mW of light at 630 nm. The 
singlet oxygen quencher azide significantly attenuates P-MVP fluorescence inactivation (dotted line, 
diamond) in the first 5 minutes. The data are presented as the mean of three independent trials,± standard 
deviation. 
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Figure 58A shows the inactivation of ~-MVP fluorescence over time induced by the type 
II PDA of AlPcS2• Irradiation of samples with light from a filtered xenon light source (590 om 
cut on filter, figure 12) dramatically increases the inactivation of ~-MVP. Light intensity at the 
absorbance maximum for AlPcS2 is 55 mW (experimental setup C). In the absence of AlPcS2 , 
there is less than 5% photobleaching after 5 minutes. This increases to a 20% loss of ~-MVP 
signal after 20 minutes. In the presence of 5 11M AlPcS2 there is an 80% loss of ~-MVP signal 
after 5 minutes. After 10 minutes, this increased to over 90%. The rapid loss of ~-MVP 
fluorescence in the presence of the photosensitizer indicates that this optical setup is more 
effective for the production of 10 2 than those used in the control and preliminary studies. The 
data also indicate that AlPcS2 can produce 10 2 in response to diffuse, non-coherent light sources. 
Upon the addition of 10 mM sodium azide, ~-MVP fluorescence loss is reduced to 60% from 
80% without the quencher. This effect is only significant in the first 5 minutes and is similar to 
the result observed in the preliminary study above. 
Figure 58B shows the relationship between ~-MVP fluorescence inactivation and light 
intensity using experimental setup C. If photon absorbance is the only limiting event in the type 
II PDA of AlPcS2, then the relationship between energy delivered and ~-MVP fluorescence 
inactivation would be directly proportional. At low energies, there is a linear relationship, 
demonstrating that photon absorbance is not a limiting factor in this system. Other factors may 
include oxygen concentration, which would determine the probability of energy transfer and 
therefore the 10 2 quantum yield for AlPcS2 • The relationship becomes non-linear at the higher 
light intensities due to incomplete ~-MVP fluorescence inactivation. The non-linear behavior is 
likely the result of the heterogeneous nature of the chemical system used in this assay, the spatial 
relationship between AlPcS2 and ~-MVP, and short 10 2 lifetime under aqueous conditions. 
165 
A 
1.2 
1 
0.8 
::I 
C'Ci 0.6 
-0 
s 0.4 
0.2 
0 
B 
1.2 
1 
-;; 0.8 
cU 
---; 0.6 
s 
0.4 
0.2 
0 
... 
0 5 
0 5 
10 
Time (min) 
10 
Energy (J) 
...... 0 !JM AIPcS2 
,...51JM AIPcS2 
..... +10 mM Azide 
... 
. 
-
15 
15 
-+-smin 
+1omin 
-a-15 min 
+2omin 
20 
20 
Figure 58: The PDA of AIPcS2 is dependent on the energy delivered. (A) In the presence of 5 f1M 
AlPcS2 there is a rapid inactivation of ~-MVP (0.5 f.!M) fluorescence (dashed line) using the filtered xenon 
light source. The absence of AlPcS2 (solid line) is a photobleaching control. The singlet oxygen quencher 
azide significantly attenuates ~-MVP fluorescence inactivation (dotted line). (B) Liposome suspensions 
(200 f1M phospholipid) were prepared and equilibrated with 0.5 11M ~-MVP and 1 f1M AIPcS2 • Light 
intensity was varied using a neutral density filter and measured with an optical power meter. Error bars are 
±standard deviation. 
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As AlPcS2 is the source of 10 2 in this photochemical system, then there would be a proportional 
relationship between the photosensitizer concentration and ~-MVP fluorescence inactivation. As 
shown in figure 59, increasing the concentration of AlPcS2 from 0.1 ~-tM to 10 j.LM causes a 
proportional increase in the inactivation of ~-MVP and therefore 10 2 production. 
Figure 60A shows the absorbance spectrum of AlPcS2 before and after 20 minutes of 
exposure to light from the filtered xenon source (55mW at 671 nm). There is only a 5% decrease 
in absorbance after 20 minutes, suggesting AlPcS2 is not chemically modified by its own 
photodynamic activity. The minimal photo-degradation of AlPcS2 corroborates previous findings 
on the high photostability of phthalocyanines29 • The photosensitizer bacteriochlorophyll-A 
(BChla) also absorbs tissue-penetrating wavelengths of light. BChlA has been used to induce 
release of liposome-encapsulated molecules19•105•106 . However, exposure to 5 mW of 780 nm light 
over 5 minutes causes a 90% reduction in BChlA absorbance (figure 60B). The inactivation of 
BChlA is likely due to 10 2-mediated attack. AlPcS2 does not undergo this attack to the same 
extent and is photostable when it is exposed to a 40 fold higher light intensity than that which 
degrades BChlA. Comparatively, the data in figure 60A highlight further the high photostability 
of AlPcS2• The assay developed, optimized, and characterized here confirms that AlPcS2 has 
photodynamic activity in a liposome chemical system. 
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Figure 59: The generation of 10 2 by AIPcS2 is dependent on the concentration of the photosensitizer. 
The relationship of 10 2 production to photosensitizer concentration was investigated at 37 °C. 
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Figure 60: AIPcS2 has a higher photostability than bacteriochlorophyll A. (A) A 20 min exposure to 
the filter xenon light source (55 m W at 671 nm) causes a 5% decrease in A1PcS2 absorbance, indicating no 
significant photodegradation . (B) Bacteriochlorophyll A is inactivated by a 5 minute exposure to 5 mW of 
780 nm light, with a 60% reduction in absorbance. All measurements were made in triplicate on three 
independent samples. 
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5.2.5 AIPcS2 increases liposome permeability through type II photodynamic action 
Under the proposed mechanism, the 10 2 produced by the PDA of AlPcS2 must react with 
unsaturated fatty acids in the lipid bilayer to increase lipid bilayer permeability and facilitate 
efflux. Figure 61 shows the light dependent release of liposome encapsulated CF using 1 ~ 
AlPcS2 • In the absence of light, AlPcS2 maintains lipid bilayer integrity and minimizes release of 
CF (black line). Irradiation of samples for 200 seconds with filtered xenon light (55 mW, at 671 
nm) increases release of CF (red line). Mter 1100 seconds there is a ten fold increase in CF 
release, compared to the non-irradiated case. The dotted line super imposed on figure 61 is an 
extrapolation of the line of best fit to the first 20 data points from the light exposed sample and 
emphasizes the increase in lipid bilayer permeability induced by the photodynamic action of 
AlPcS2 • The data in Figure 61 demonstrate a photo-dependent lipid bilayer permeabilization by 
the PDA of AlPcS2 • The amphipathic nature of AlPcS2 allows it to bind to liposomes, increase 
stability, and reduce permeability. Upon illumination with red light the PDA of AlPcS2 increases 
lipid bilayer permeability and leads to release of CF. Figure 60A indicates that AlPcS2 is stable, 
and not chemically modified upon irradiation. Together, the data suggest that 10 2 produced from 
AlPcS2 reacts with unsaturated fatty acids to increase lipid bilayer permeability and initiate 
release. 
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Figure 61: The photodynamic action of AlPcS2 increases lipid bilayer permeability and facilitates 
release of liposome encapsulated CF. CF liposomes were equilibrated with I J.LM AIPcS2 and exposed to 
a filtered xenon light (590 nm cut on, 55 mW intensity at 671 nm) for 200 seconds (red line). The dotted 
line is an extrapolation of the line of best fit to the first 20 data points under this condition to demonstrate 
the switch in permeability. The black line indicates the baseline leak in the presence of the photosensitizer 
alone. Triton X-1 00 was added at 11 OOs to a final concentration of 0.1 % to achieve full release of CF. All 
data are representative of three independent measurements collected using experimental setup D. 
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5.3 Discussion 
Increasing the percentage of AlPcS2 in the lipid bilayer maintained the anisotropic 
emission at higher temperatures (figure 45). The fluorescence anisotropy data in figure 45 
suggest that adsorption of AlPcS2 to the liposome stabilizes the lipid bilayer. The stabilizing 
effect of AlPcS2 is likely due to dispersion forces between the lipophilic moieties of AlPcS2 and 
the lipid acyl chain in a "cholesterol-like" manner. Measuring AlPcS2 emission allows direct 
measurement of the effect of the photosensitizer on lipid bilayer stability; however AlPcS2 is not 
an ideal fluorophore for fluorescence anisotropy studies. Its use precludes measurement of 
absolute changes to the phase transition temperatures for egg PC lipid bilayers. AlPcS2 has a 
planar, polycyclic ring structure. It is likely, therefore, that it occupies only two orientations with 
respect to the lipid bilayer; parallel or perpendicular to the long axis of the phospholipids. As the 
lipid bilayer microviscosity increases, it is likely that movement of the photosensitizer from one 
orientation to the other accounts for the observed depolarization. A smaller molecule, such as 
diphenylhexatriene (DPH), intercalates into the lipid bilayer more effectively and is therefore 
more sensitive to the temperature dependent changes in the microviscosity. The DPH method 
would also give absolute measurements of phase transition temperatures and quantify the effect 
of AlPcS2 on lipid bilayer stability46 . However, this would cause spectral overlap, and introduce 
artifact. The DPH method would also require inferring the effect of AIPcS2 on lipid bilayers 
under the assumption that DPH anisotropy was independent of the photosensitizer concentration. 
Therefore, anisotropy measurements use the intrinsic fluorescence of the photosensitizer. 
Overall, the data suggest that adsorption of AlPcS2 to the liposome increases lipid bilayer 
thermostability. The fluorescence anisotropy data also support, indirectly, the predicted AlPcS2-
phospholipid dispersion forces in the previous chapter. There are no previous reports on the 
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effect of phthalocyanines on lipid bilayer stability. However, the fluorescence anisotropy data in 
figure 3 suggest that addition of AlPcS2 to lipid bilayers modifies their stability through effects on 
lipid structure and order. There is a biophysical link between lipid bilayer stability, the 
maintenance of membrane integrity and permeability12 . Entropic contributions from the 
hydrophobic effect maintain low lipid bilayer permeability. Higher temperatures and osmotic 
forces applied to a liposomal system overcome these entropic barriers and increase permeability. 
In the proposed photo-release mechanism, lipid oxidation overcomes the entropic barrier and 
permits efflux of encapsulated molecules. In light of the effect of the photosensitizer on the lipid 
bilayer stability, the liposome permeability was assessed in the presence of AlPcS2 • 
Figure 47 shows that addition of AlPcS2 reduces thermally induced liposome 
permeability. Several possible mechanisms could account for the AlPcS2 induced decrease in 
lipid bilayer permeability. The stabilizing effect of AlPcS2 on the lipid bilayer suggested by the 
anisotropy data in figure 45 may contribute to the reduction in lipid bilayer permeability. AlPcSr 
phospholipid interactions likely accounted for the observed changes in anisotropy. Similarly, 
AlPcS2-phospholipid interactions could contribute to the observed decrease in liposome 
permeability. Alternatively, addition of AlPcS2, a divalent anion, could increase external surface 
charge density and electrostatically interfere with CF flux. CF is also negatively charged. In 
order for AlPcS2 on the external surface of the liposome to electrostatically repel the internal CF, 
the electrical field produced by AlPcS2 must extend across the lipid bilayer to the internal 
interface region. By estimating the energy required to move one molecule of CF in the electrical 
field produced by liposome adsorbed AlPcS2 the electrostatic contributions to lipid bilayer 
permeability can be assessed. If the estimate made is several orders of magnitude greater than 
thermal energetic contributions, then it is reasonable to suggest that liposome-adsorbed AlPcS2 
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electrostatically interferes with the efflux of negatively charged CF. In the previous chapter, the 
Frumkin model provided the most complete description of AlPcS2 adsorption to liposomes. 
With o equal to 7.38 xl0-2 kJ mol-1, K[L] was found to be 17.05. When the phospholipid 
concentration is 200 JIM and the photosensitizer concentration is 1 JIM, K has a value of 8.5 x104 
M-1 • Using this value of K it is possible to estimate the electrostatic contributions of adsorbed 
AlPcS2• With a photosensitizer concentration of 1 JIM, the number of moles of adsorbed AlPcS2 
is 1.89 x 10-9 . Assuming spherical liposomes, with a radius of 50 nm (r0 111.,), the fraction of 
phospholipids that occupy the external leaflet is given by equation 5 .4. 
2 
Outer fraction = 
2 
router 
2 
(5 .4) 
'inner + router 
The internal radius (r1nner) is 45.6 nm (assuming the lipid bilayer is 4 .4.nm) 11 • With a 
phospholipid concentration of 200 JIM, the total number of external lipids in the sample is 1.32 
x1017 • Assuming the surface area occupied by one phospholipid is 0.66 nm2 , the totalliposomal 
external surface area in the sample is 868 cm2 . The external surface area of a single liposome (of 
radius 50 nm) is 3.141 xl0-10 cm2 • Therefore, the total number of liposomes in the sample is 2.76 
x 1012 • From K, the total number of photosensitizer molecules per liposome is approximately 
430. Each of these molecules brings two negative charges. Equation 5 .5 gives the change in the 
surface charge density due to adsorption of AlPcS2 . 
smface charge density = nF (5 .5) 
SA 
n is the number of moles of charge from adsorbed AlPcS2 and F is Faraday's constant (96485.33 
C mol-1). SA is the total external surface area. Therefore, the absolute increase in charge density 
upon addition of 1 JIM AlPcS2 is estimated to be 4.2 xl0-3 C m-2 • 
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a E=- (5.6) 
SS0 
Treating the lipid bilayer of a liposome as a parallel plate capacitor allows use of 
equation 5.6. Equation 5.6 gives the strength of an electrical field generated by the charge 
density across a dielectric medium. e is the relative permittivity of the lipid bilayer, taken to be 
that of hexane (e=2) and e0 the vacuum permittivity (8.85 xl0"12 C v-1 m·1). Using equation 5.6 
the strength of the electric field (E) generated by adsorbed AlPcS2 is 2.48 x108 V m·1• In a field 
of this strength, the energy required to move the divalent anion CF to the inner surface of the 
liposome is approximately 10"14 J. Under the conditions used in this assay, the thermal 
contribution is the product of the Boltzmann constant (k8 , 1.380 x10·23 J K 1) and the absolute 
temperature (310.15 K). Therefore, the contribution from thermal energy is approximately 10"21 
J. The electrostatic force is seven orders of magnitude greater than the thermal energy. This 
suggests that the CF is repelled, away from the inner surface of the liposome, by the electrostatic 
field of adsorbed AlPcS2 on the external surface of the liposome. 
Of the two proposed mechanisms for AlPcS2 induced reduction in liposome permeability, 
the electrostatic field is significant and likely reduces CF efflux. Despite many simplifying 
assumptions, the analysis here provides a comparison of the scale of the electrostatic effect. The 
whole analysis is built on the assumption of a direct effect on CF by the local electrostatic field of 
liposome adsorbed AlPcS2 • The effect of the electrostatic field on the lipid bilayer itself is 
unaccounted for. Evidence suggests that local electrical fields can alter salt bridge formation 
between the phospholipid headgroups of the lipid bilayer and the surrounding solvent107 • 
Directly, this may contribute to the thermal stabilization effect of AlPcS2 observed in the 
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fluorescence anisotropy data. Indirectly, changes to phospholipid-solvent interactions due to 
local electric field effects may prevent CF efflux. 
Comparison of the di- and tetra-sulfonated forms of aluminum phthalocyanine suggests the key to 
the stabilizing effect and reduced permeability induced by AlPcS2 is its amphipathic chemical 
nature. As an amphiphile, AlPcS2 can adsorb to liposomes to produce localized effects. Spectral 
evidence in figure 49 suggests that AlPcS4 does not adsorb to liposomes under the same 
conditions as AlPcS2 . The higher molecular charge of AlPcS4 would preclude lipid bilayer 
partitioning. Literature evidence suggests that AlPcS4 does in fact bind to liposomes at 
concentrations of 104 M, two orders of magnitude greater than AlPcS238• As a result, AlPcS4 has 
no effect on liposome permeability (figure 49). In comparison to AlPcS4 , AlPcS2 has the 
chemical structure to adsorb to the lipid bilayer, stabilize it and reduce permeability. In the 
design of a drug delivery system for localized, site-specific release, containing the encapsulated 
molecules until the release stimulus arrives would be a desirable feature to reduce leaks and 
ensure spatiotemporal control. 
In the proposed photo-release mechanism, tissue-penetrating wavelengths initiate the type 
II PDA of AlPcS2 . In order to characterize the type II PDA of AlPcS2 , instrumentation and assays 
were developed to produce and detect 10 2 . Methylene blue is a control photosensitizer and 
confirms the utility of ~-MVP fluorescence inactivation as an assay for photodynamic action 
(figure 55). Addition of sodium azide indirectly confirms the presence of 10 2 to specify type II 
PDA. In figure 57 the same assay confirms that AlPcS2 undergoes type II PDA in the liposome 
system, in agreement with previous findings92• 
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Although the fluorescence inactivation assay provides a measurement of 10 2 production 
over time, it is an indirect measure. However, most measurements of 10 2 are made indirectly and 
its presence often inferred through the use of quenchers28.39 • The fluorescence inactivation assay 
employed here is a bimolecular process in a heterogeneous chemical system. The complex nature 
of this system prevents determination of absolute values for 10 2 quantum yield. Calibration of the 
system using a "standard" would require that the photosensitizer exhibits the same partitioning as 
AlPcS2 in the lipid bilayer. As there is an unknown spatial relationship between AlPcS2 and ~­
MVP on the liposome surface, kinetic studies to determine the rate of singlet oxygen production 
would require understanding the molecular dynamics of each component. 
Figure 58 shows that increasing the intensity of light irradiating AlPcS2 proportionally 
increased the 10 2 yield. This indicates that in the range used photo-excitation of AlPcS2 is not a 
limiting factor in the PDA of the photosensitizer but is due to the large extinction co-efficient for 
this compound. Similarly, increasing the concentration of the photosensitizer causes a 
proportional increase in the production of 10 2 (figure 59). Figure 60A shows that AlPcS2 is 
photostable compared to other 10 2 photosensitizers that have been employed in previous 
investigations19'105 • High photostability means that the photosensitizer remains constant 
throughout the assay and there is not another, confounding, dynamic process that affects the 10 2 
production. The spectral evidence in Figure 60B suggests that, in comparison, BChlA undergoes 
a self-destruction process in response to 5 mW of light for 5 minutes. Thompson and colleagues 
have previously used BChlA as 10 2 source for photo-release of liposome-encapsulated molecules 
in response to 300 mW of lighe9 . The low photostability of BChlA in figure 60B contrasts poorly 
with the photo-release observed by Thompson et. al19 where dynamic processes affecting the 
photosensitizer itself were not considered. Overall, the data in figure 58-60 demonstrate the 
177 
effectiveness of AlPcS2 as a photosensitizer, in agreement with previous reports29 and 
characterizes 10 2 production. 
Figure 61 demonstrates the photo-release of liposome-encapsulated CF molecules by 
exposing liposomes to 200 s of red light in the presence of AlPcS2 • This is in agreement with 
previous reports on the photo-release of liposome encapsulated molecules using other 
phthalocyanine photosensitizers36.37 • Figure 61 also shows a photo-dependent behavior for 
AlPcS2 . Before irradiation, AlPcS2 maintains low liposome permeability, in agreement with 
findings from figure 4. Irradiation of the liposomes then increases permeability and CF release. 
Therefore, AlPcS2 is a photo-dependent modulator of lipid bilayer stability and permeability as 
summarized in figure 62. The data in figure 61 are in agreement with the PDA of AlPcS2 causing 
lipid oxidation, increasing bilayer permeability and facilitating release of encapsulated CF, 
thereby supporting the proposed mechanism for the photo-release of liposome encapsulated 
molecules. However, several other possible mechanisms could generate this effect. One such 
mechanism would be direct photo-degradation of AlPcS2 , thereby abolishing the effect of the 
photosensitizer on lipid bilayer permeability suggested by figure 47. Figure 60 indicates that 
irradiation of AlPcS2 does not degrade or destroy it; therefore it is unlikely that photo-release 
observed in figure 61 is a consequence of direct action on the photosensitizer. If lipid oxidation 
does occur because of the PDA of AlPcS2 then the relationship or partitioning between the 
photosensitizer and the phospholipid might change compared to the non-irradiated state (figure 
47). Two lines of evidence suggest that this not the case. First, the lack of chromic shifts in 
figure 60A suggests that there is no change in partitioning of the photosensitizer because of 
irradiation with light. Secondly, the percent release observed in figure 61 is higher than that 
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induced by temperature alone in figure 47A. Therefore, the photo-modulation observed in figure 
61 is more than a reversal of the effect of AIPcS2 adsorption to the liposome surface. 
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Figure 62: AlPcS2 is a photo-dependent modulator of lipid bilayer permeability. 
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5.4 Conclusions 
Overall, the evidence supports the proposed mechanism for the photo-release of 
liposome-encapsulated molecules via the photodynamic action of AIPcS2• These findings are in 
agreement with previous reports on the photo-release of liposome-encapsulated molecules using 
the PDA of photosensitizers in the phthalocyanine familf6.37 . In addition to confirming the 
proposed mechanism, the data in this chapter demonstrate that AlPcS2 functions as a photo-
dependent modulator of lipid bilayer stability and permeability (figure 62). Lipid bilayer 
adsorption of AlPcS2 reduces lipid bilayer permeability. This reduction in permeability is likely 
due to the electrostatic field resulting from the adsorption of the negatively charged 
photosensitizer to the lipid bilayer. The type II photodynamic action of AlPcS2 then provides a 
photochemical mechanism to initiate release in response to tissue penetrating wavelengths of 
light. 
Importantly, by stabilizing the liposome and reducing leaks, AlPcS2 keeps the CF 
encapsulated until the photonic stimulus is applied. In response to tissue penetrating wavelengths 
of light, lipid bilayer permeability increases, facilitating the release of the liposome-encapsulated 
molecules. The photo-dependent modulation of lipid bilayer stability and permeability is due to 
the specific chemical and photodynamic activity of AlPcS2 • The data presented above provide a 
novel photochemical mechanism for the controlled, and localized release of liposome 
encapsulated molecules . 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 
The primary goal of this research was to design a system for the controlled and highly 
focused delivery of a drug, in vivo and non-invasively. The solution proposed uses the 
photosensitizer AlPcS2 to initiate release of liposome-encapsulated molecules. AlPcS2 absorbs 
wavelengths of light that are transmissible in biological tissues and produces 10 2 via type II PDA 
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• Unsaturated fatty acids react with 10 2 to produce a lipohydroperoxide35 • The oxidation of 
phospholipid acyl chains alters the lamellar order of the lipid bilayer, decreasing stability, and 
increasing permeabilitfS-37 . Three aims were devised to investigate this mechanism and the 
release of liposome encapsulated molecules; (1) Establish a chemically tractable model system to 
evaluate liposome permeability, (2) Investigate AlPcS2 photophysics and lipid bilayer 
interactions, and (3) Demonstrate the photo-induced release of liposome encapsulated molecules 
via the type II PDA of AlPcS2• This chapter summarizes the findings of those three aims and 
discusses future directions to improve this" proof of concept" investigation. 
The treatment of liposomes with a detergent changes lipid bilayer order, increases flip-
flop, vesicle fusion and permeability. Eventually, detergents completely solubilize lipid bilayers 
forming mixed detergent-lipid micelles. The data in chapter three examines the thermodynamics 
of detergent binding to lipid bilayers, the macroscopic liposome structure after detergent 
treatment, and the change in liposome permeability. A three state model of liposome 
solubilization by detergent was proposed. Thermodynamic measurement measurements of 
detergent binding to liposomes provided discrete landmarks in the solubilization process. These 
landmarks correlated well with the detergent induced increase in liposome size, providing 
boundaries for the proposed three states. The permeability of the lipid bilayer increases in the 
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second phase. The model provides quantitative analysis of solubilization and when, during this 
process, the permeability of the lipid bilayer is increased. In addition, a mathematical model of 
liposome permeabilization was also developed using experimental parameters. The topological 
similarity of the simulated and experimental release kinetics indicate that the flux of liposome-
encapsulated molecules can be approximated as a two state process. Furthermore, the data in 
chapter three demonstrate that the transition between the two states can be simplified to a 
potential energy function, governed by the partition coefficient, removing the need to consider the 
chemical activity of the detergent at the bilayer. 
However, the detergent to lipid molar ratio at which permeabilization occurs in the 
simulation does not correlate well experimental results. Given the findings of this investigation it 
is unlikely that the partition coefficient remains constant throughout the titration of a detergent 
into a liposome suspension. Further experimental evidence is required to evaluate the change in 
detergent partitioning when the bilayer already contains detergent. Including information on the 
mechanics of lipid bilayer disruption and rupture by a detergent in the form of the Helfrich energy 
function65 may provide a more accurate way to model detergent induced lipid bilayer 
permeability. Despite the disagreement between the simulated and experimental results, the 
model connects experimental parameters to idealized, theoretical parameters well. 
It was intended that investigating liposome solubilization would provide chemical 
information on how to permeabilize a liposome. This information could then guide development 
of the photochemical mechanism. Ultimately, the detergent mediated permeabilization of 
liposomes is a complex process and does not give a tractable model system to understand 
liposome permeabilization. The specific effect of a detergent on a lipid bilayer is known to be 
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dependent on the chemical structure of the detergent, the composition of the lipid bilayer, and is 
connected to the aqueous medium either side of the membrane44'48'61 . Measurement of other 
phenomena such a flip-flop and vesicle fusion would be required to understand how these affect 
and confound permeability. The coupling between the lipid bilayer and the surround aqueous 
media would also require extensive investigation. Without thorough investigation of each of 
these elements under a variety of physical conditions, the rules that govern lipid bilayer 
permeability cannot be understood. It is also unclear how applicable these rules would then be to 
any other scenario , including the photo-induced oxidation of the lipid bilayer. The chemical basis 
for the disruption of lipid bilayers by a detergent remains a complex and active area of research 
after several decades47,so,54. 
This investigation did provide key information that aided the development of the 
photochemical mechanism. Permeabilization of the lipid bilayer and release of the encapsulated 
material does not require complete solubilization of the liposome. This is important as it 
demonstrates that the photo-induced release mechanism does not have to completely destroy the 
lipid bilayer for permeability to be increased. This investigation also validated the preparation 
procedures and provided assays to quantitatively characterize liposomes and release of 
encapsulated molecules. 
The effectiveness of the proposed photochemical mechanism requires adsorption of the 
photosensitizer to the lipid bilayer. AIPcS2 is the source of 10 2 • Oxidation of unsaturated fatty 
acids in the lipid bilayer increases permeability and the release of the encapsulated molecules. 
The short lifetime of 10 2 requires that the source and the unsaturated acyl chain substrate be 
closely associated for effective lipid oxidation. The adsorption of AlPcS2 to liposomes requires 
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the consideration of interactions between the photosensitizer molecules. There is a repulsive 
force between the photosensitizer molecules due to the negative charges provided by the sulfonic 
acid groups. AlPcS2 adsorbs strongly to the lipid bilayer. As a charged, amphipathic, molecule 
AlPcS2 was expected to be located at the lipid bilayer interface. The solvatochrornic shifts of 
AlPcS2 are modeled using a series of four reaction fields and two versions of the Lippert 
equation 72•73 • Correlation of the model prediction with a "molecular ruler" based on lipid bilayer 
polarity gives a time averaged lipid bilayer location for the photosensitizer. As would be 
expected for an amphipathic, charged, molecule the analyses predict a location for AlPcS2 where 
it is exposed to both the aqueous environment and the hydrophobic acyl chain region. The 
predicted location for AlPcS2 provides access to the unsaturated acyl chains in the lipid bilayer 
for oxidation by 10 2 • 
These predictions , validated with electroparamagnetic resonance (EPR) spectroscopy or 
NMR, would provide powerful tools for the analysis of lipid bilayers. Measuring changes in the 
solvatochromic shifts of bilayer intercalants overtime could provide information on lipid bilayer 
dynamics. Time resolved NMR is limited to the millisecond timescale. Compared to NMR, 
fluorescence is sensitive to events that occur orders of magnitude faster. Therefore, time 
correlated acquisition of solvatochromic shift data could provide information on the lipid bilayer 
distribution of the fluorophore and a new method to measure lipid bilayer dynamics. Time 
correlated solvatochromic shifts are already used in the study of protein folding 108 • Furthermore, 
the reaction field methodology employed here is not limited to the study of lipid bilayers. The 
models provide a method to measure the polarity and hydration of any dielectric medium. This 
could be of particular importance in the study of biological systems by providing ways to 
measure physiochemical parameters in specific microenvironments. 
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In chapter one, it was identified that in order for stimuli responsive liposomes to be 
effective as a delivery system, there must be temporal control of release. To maintain spatial and 
temporal control of release, it is important that the lipid bilayer remain impermeable to the 
encapsulated solute before the release stimulus arrives. Conversely, to achieve delivery of a high, 
local, concentration of a drug on demand, a mechanism is required that increases membrane 
permeability. The stimulus to initiate release must then pass safely through biological tissue and 
activate the mechanism. The adsorption of AlPcS2 to liposomes increased lipid bilayer 
thermostability and reduced permeability. This reduced background leakage, maintaining a 
higher concentration of the encapsulated molecule. The stabilization effect is thought to be a 
"cholesterol like" effect whereby the hydrophobic moieties of the photosensitizer interact with the 
acyl chains to stabilize the lipid bilayer. It is likely that AIPcS2 adsorption increases the surface 
charge density on the liposome and creates an electrostatic field that repels the negatively charged 
carboxyfluorescein. Mixing positively charged phospholipid into the liposome composition 
could test this electrostatic mechanism. However, changing the lipid bilayer composition would 
also likely affect the adsorption of AlPcS2 to the lipid bilayer, confounding the result. The 
AlPcS2 induced reduction in lipid bilayer permeability reduces background leakage. Irradiation 
of the photosenstizer-liposome system with tissue penetrating wavelengths of light increased 
permeability, facilitating flux of the encapsulated molecules. This photo-dependent modulation 
of lipid bilayer permeability provides a "proof of concept" mechanism for the controlled release 
of a compound in vivo. 
With this release mechanism, there are many different future directions to consider. 
Demonstrating release of therapeutically relevant molecules and over larger timescales is 
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necessary to show the utility of this system. With the large aqueous space of this liposomal 
system, controlled delivery of siRNA or protein based biotherapeutics could be possible. Surface 
modifications of liposomes can modulate circulation times in vivo109 , allow for tissue specific 
targeting and cellular uptake, or lipid bilayer fusion" 0 • These modifications would provide a 
more robust technology and could aid the treatment of a variety of conditions. The findings of 
this study could be of importance in other biomedical and therapeutic applications. AlPcS2 , as a 
modifier of membrane permeability, and photodynamic agent, could be useful in assisting drug-
uptake in a target region or cell type. By applying light to AlPcS2-treated cells, membrane 
permeability could be increased allowing for uptake of a drug in a photo-assisted manner. In 
time, this could be applied to key treatment challenges such as the blood-brain barrier, for 
controlled modification of lipid bilayer permeability. The formation of oxidized lipids by AlPcS2 
in biological membranes as well as its ability to inactivate membrane proteins could also be 
important to the study of disease states and cellular signaling. 
187 
APPENDIX: P-MVP DOES NOT UNDERGO AN ANTI-STOKES 
PHENOMENON 
During fluorescent events, a Stokes shift occurs whereby the energy of the emitted 
photon is less than that of the absorbed photon. The Stokes phenomenon is responsible for the 
red shift observed in the emission wavelength relative to the excitation wavelength during 
fluorescence4•70 . During the investigation of ~-MVP photophysics an emission was noted 
between 390 nm and 500 nm in response to excitation with 780 nm light (figures 63 and 64) . The 
excitation of a molecule with NIR photons and the emission of a UV -blue photon contradict the 
Stokes phenomenon. 
A wide variety of applications would benefit from the conversion of NIR light into higher 
energy photons in the UV-violet region. For example, the relative transparency of biological 
tissues to NIR lighf has important medical application where in situ photoactivation of molecules 
might be used in the non-invasive treatment of neurological, oncological or infectious diseases. 
However, NIR photons have insufficient energy to power most clinically valuable photochemical 
processes4 thus a mechanism to transform longer into shorter wavelength light would be useful. 
A multi-photon process was hypothesized to generate the observed anti-Stokes phenomenon. 
Typically multi-photon processes rely on intense laser light sources that facilitate simultaneous, 
or rapid sequential absorption, from the ground to excited states to produce anti-Stokes 
fluorescence111 '112 where a molecule is promoted to the first excited singlet state (S1) from the 
ground state (S0). The S1 state can then re-radiate the Stokes shifted photonic energy in the form 
of fluorescence. 
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(1) S0 + 2hv - S1 Two photon absorption 
(2) S1 - S0 + hv Fluorescence 
An alternative is a delayed fluorescence process involving an acceptor (A) and donor (D) pairing. 
(3) SA+hv-sA 0 1 Absorption 
(4) SA- r,A 1 1 Intersystem crossing 
(5) r,A + r,D - SD + SA 1 1 0 1 Triplet- Triplet annihilation 
(6) sA -sA 1 0 Fluorescence 
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Figure 63: Blue radiative emission of ~-MVP upon excitation with NIR light. The images above were 
captured with a Canon digital camera. The cuvette contains a solution of ~-MVP (100 J1M) in 2 mL 
volume of DMSO. The samples were irradiated with light from the excitation monochromator of a Hitachi 
F4500 Spectrofluorimeter fitted with an Ushio UXL-152H Xenon Arc Lamp. The temperature was 
maintained at 25 °C . 
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Figure 64: 780 nm excitation produces an emission between 390 nm and 500 nm. The fluorescence 
spectrum and anti-Stokes emission of a 100 f1M solution of ~-MVP prepared in 2 mL of DMSO. The 
spectra were recorded on a Hitachi F4500 Spectrofluorimeter fitted with an Ushio UXL-152H Xenon Arc 
Lamp. The temperature was maintained at 25 °C. Emission and excitation slit widths were kept at 2.5 nm 
for all experiments. Emission intensity was recorded via PMT with a voltage of 700 V up to the detection 
limit of 900 nm. . 
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Following absorption and intersystem crossing the acceptor molecule is in a triplet 
excited state (T/). This triplet then interacts with the triplet state of another, donor molecule 
(T/). Electron exchange between the donor-acceptor pair, a process called triplet-triplet 
annihilation (TTA), allows the acceptor molecule to enter the singlet excited state (S/) where it 
can fluoresce. The donor molecule returns to the ground state (S/l·113 • The anti-Stokes behavior 
of anthracenes and pyrenes, though with extremely low quantum efficiencies near 0.0005% , have 
been shown by Kepler and colleagues in solid-state crystals of anthracene114-116 • The initial data 
collected indicated that the anti-Stokes phenomenon observed in ~-MVP (figure 64) suggested a 
quantum efficiency of up to 32%. 
The anti-Stokes emission of ~-MVP shown in figures 63 and 64 had been observed in a 
DMSO solution. It was hypothesized that solute-solvent interactions play an important role in the 
anti-Stokes emission of ~-MVP. Spectra were recorded in methanol, ethanol, decane and DMSO 
(table 1) using both UV and NIR excitation. The relative efficiency of the anti-Stokes emission 
increased with the dielectric constant (e,) of the solvent. A general blue shift in the excitation and 
emission maxima and a narrowing of the emission half-peak width is seen as thee, of the solvent 
decreased (Table 5). These findings are consistent with the known solvatochromic effects of 
polar solvents on pyrene fluorescence. Solvent-solute coupling has also been shown to promote 
spin-forbidden transitions117 • It was concluded that solvent-solute associations in polar 
environments likely occur between the polarizable n: and the lone-pair electrons of 13-MVP 
leading to an increase of the anti-Stokes emission. 
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Table 5: Solvatochromic shifts of P-Methoxyvinylpyrene fluorescence and anti-Stokes emission 
Solvent A.Elt A.Elt A Em Anti-Stokes Relative e, Shift (eV) Efficiency (%) nm eV nm eV nm eV 
DMSO 46.8 387 3.21 780 1.59 426 2.92 1.62 47.4 
Methanol 32.61 383 3.24 775 1.6 405 3.07 1.64 37.2 
Ethanol 24.85 380 3.27 758 1.64 404 3.07 1.63 33.8 
Decane 1.98 374 3.32 780 1.59 400 3.11 1.73 29.9 
A.& = Excitation Wavelength, A.Em = Emission Wavelength. Emission and excitation spectra were 
recorded under identical conditions for all solvents. 
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Table 6: Anti-Stokes emission in a group of structurally related molecules. 
A. Ex A. Em A Em Anti-Stokes Relative Estimated Molecular Name Shift (eV) Efficiency Anti-Stokes <I> 
nm eV nm eV nm eV (%) 
Pyrene 344 3.61 686 1.81 395 3.31 1.5 6.8 0.04 
P-MVP 387 3.18 780 1.6 426 2.92 1.32 46.6 0.28 
1-Hydroxypyrene 389 3.19 778 1.61 395 3.14 1.53 46.6 0.28 
1-Aminopyrene 415 2.99 850 1.46 445 2.79 1.33 53.9 0.32 
A.Ex =Excitation Wavelength, A.Em =Emission Wavelength. Quantum yield (<I>) estimated from quantum 
efficiency of pyrene monomer in DMSO (0.61) . All molecules were prepared to a final concentration of 
50 ~-tM in DMSO and interrogated at a temperature of 25 °C. 
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It was also unclear if the anti-Stokes emission of ~-MVP is due to the specific chemistry 
of the molecule. It was hypothesized that the extended :rt-electron network of the vinylic moiety 
and the etheric oxygen lone pair electrons contributed to the anti-Stokes behavior of ~-MVP. A 
group of related pyrenes were examined to elucidate the chemical influences. Emission and 
excitation spectra for pyrene, 1-hydroxypyrene, 1-aminopyrene and ~-MVP were obtained and 
are summarized in table 6. All the molecules emitted in the UV-violet region upon NIR 
excitation and those spectra replicate known fluorescence emission spectra. In pyrene, the 
relative efficiency of the anti-Stokes signal is less than 10% but increased to 54% with the 
addition of substituents . Previously the quantum efficiency of pyrene in DMSO was observed to 
be 0.61 118 • Using the same calculation and this reference value it was possible to estimate the 
quantum efficiency for each of these molecules (table 6). Jointly, these chemical manipulations 
of the anti-Stokes behavior indicated the chemical environment is a key component in facilitating 
the effect. Similarly, this is not an effect specific to one molecule but is a general feature of a 
molecular class. 
It was suggested that the anti-Stokes emission of ~-MVP was the product of second order 
diffraction in the excitation monochromator of the fluorimeter. The monochromator in the 
fluorimeter uses a diffraction grating to decompose the incident light into its constituent 
wavelength spectrum via first order diffraction, as depicted in figure 65 . A series of mirrors and 
lenses then focus the monochromatic light on the sample. Second order diffraction also occurs at 
the grating producing a second, overlapping spectrum of light. The intensity of light diffracted in 
the second order is less than in the first. As depicted in figure 65, at approximately 600 nm the 
first order spectrum is no longer monochromatic but also contains 300 nm light due to second 
order diffraction. Therefore it was hypothesized that the anti-Stokes phenomena observed were 
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due to contamination of the monochromatic light with UV -blue light from second order 
diffraction. 
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Figure 65: Second order diffraction of the incident radiation at a diffraction grating. Figure adapted 
from Lakowicz70 . 
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To test this hypothesis two experiments were performed. Direct excitation of f3-MVP 
from a laser would provide a monochromatic light source to excite the molecule without the need 
for a monochromator. Figure 66A shows that excitation of f3-MVP (100 ~ in DMSO) with a 
780 nm laser (5 mW) does not produce an anti-Stoke emission spectrum. To confirm that the 
monochromator was the source of the artifact, a 420 nm cut-on filter was placed between the 
sample holder and the excitation monochromator. This filter blocks all light of wavelength 
shorter than 420 nm preventing UV light from reaching the sample. If UV light produced by 
second order diffraction causes the anti-Stokes emission, placing this cut-on filter between the 
monochromator and sample holder should prevent any emission. Figure 66B shows that blocking 
UV -blue wavelengths with a 420 nm cut-on filter does not produce an anti-Stokes emission. 
Together these experiments confirm that the anti-Stokes emission phenomenon observed was the 
product of instrumental artifact caused by second order diffraction in the monochromator. The 
emission observed for f3-MVP was in fact the canonical fluorescence spectrum of the molecule 
caused by contamination of the monochromatic light by UV wavelengths. 
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Figure 66: (J-MVP does not under an anti-Stokes phenomenon. (A) Direct excitation of !3-MVP by 780 
nm laser light does not elicit an anti-Stokes emission between 390 nm and 500 nm. (B) No emission is 
observed when a 420 nm cu-on filter is placed between the sample and the excitation monochromator. 
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